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Abstract
The micro-area characterization experiments like scanning Kelvin probe force microscope (SKPFM) and Kernel average

misorientation have the defects of complex sample preparation and occasional errors in test results, which makes it

impossible to accurately and quickly analyze the pitting behavior induced by inclusions in some cases, prompting attempts

to turn to simulation calculation research. The method of calculating band structure and work function can be used to

replace current-sensing atomic force microscopy and SKPFM to detect the potential and conductivity of the sample. The

band structure results show that Al2O3 inclusion is an insulator and non-conductive, and it will not form galvanic corrosion

with the matrix. Al2O3 inclusion does not dissolve because its work function is higher than that of the matrix. Moreover,

the stress concentration of the matrix around the inclusion can be characterized by first-principles calculation coupled with

finite element simulation. The results show that the stress concentration degree of the matrix around Al2O3 inclusion is

serious, and the galvanic corrosion is formed between the high and the low stress concentration areas, which can be used to

explain the reason of the pitting induced by Al2O3 inclusions.
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1 Introduction

At present, about 1/10 of the steels turn into rust each year,

causing huge economic losses [1, 2]. Pitting is a very

typical localized corrosion, and non-metallic inclusions are

an important cause of pitting in steel. It is well known that

the onset of pitting is considered to be random and

unpredictable. At this stage, the exploration of pitting

mainly focuses on the two thermodynamic categories of

voltaic potential difference [3–5] and stress concentration

phenomenon [6–8].

Pitting occurs mainly due to the presence of electro-

chemical nonuniformity between non-metallic inclusions

and the adjacent matrix. The characterization of the

microscopic electrochemical properties of inclusions in

steel is complex. At present, the scanning Kelvin probe

force microscope (SKPFM) has been used to characterize

the electrochemical activity of inclusions and matrix in

most studies [9, 10]. However, the commercial SKPFM has

a resolution of only 10 nm in a vacuum environment. The

poor spatial resolution may make the experiment inaccu-

rate. Liu et al. [11] measured by SKPFM that the potential

of (RE)AlO3 inclusion is higher than that of the matrix. In

theory, the lower the potential, the more likely to suffer

corrosion, so that the matrix should be dissolved first.

However, immersion experiments showed that (RE)AlO3

inclusion was dissolved. Obviously, SKPFM may not work

for (RE)AlO3 inclusion. Bettini et al. [12] also found a

similar phenomenon when SKPFM was used to detect the
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potentials of Cr2N, ferrite and austenite, and the detection

results were inconsistent with the results of immersion

experiments. In addition, Xue et al. [13] pointed out that

TiN inclusion has a lower potential than Fe matrix by

SKPFM test, and it acts as a cathode during the galvanic

corrosion process. However, Wei et al. [14] used first-

principles calculation to declare that TiN has a low work

function and is easily dissolved during the corrosion pro-

cess, and TiN inclusion acts as anodes. Their contradictory

conclusions confused us. Because of these inconsistent

conclusions, it has been proposed that SKPFM test results

are negatively correlated with the corrosion behavior

[15, 16]. Obviously, SKPFM may not be applicable in

some scenarios, and other methods need to be found to

detect the potential of the sample.

On the other hand, some researchers use Kernel average

misorientation (KAM) diagram to analyze the causes of

pitting caused by stress concentration around inclusions

[17–19]. Before testing KAM diagram, the sample needs to

be stress-annealed. However, if the annealing temperature

is too low or too high, stress near the inclusion may not be

observed. In addition, the sample preparation requirements

are relatively high, which need grinding, mechanical pol-

ishing, electrolytic polishing and other processes, and these

processes are more complex [20]. During the process of

grinding and mechanical polishing, the surface of the

sample is prone to stress and mechanical damage, which

can lead to a decrease in calibration rate and seriously

affect the quality of the collected data. In the electrolysis

process, if the time is too short, the electrolysis is not

sufficient and the stress is not clearly; if the electrolysis

time is too long, it is easy to cause the sample surface to

become too black and the inclusion is electrolyzed off [21].

Moreover, due to the existence of different processing

software, KAM diagram presentation effect will be dif-

ferent, which will increase the confusion of researchers.

Therefore, it is necessary to find other research methods to

replace KAM diagram.

At present, first-principles calculations have been widely

used in materials. For instance, Liu et al. [22] calculated

the elastic modulus of microalloying elements Ce, Ti, V,

and Nd in c-Fe by first-principles calculations. Yang et al.

[23] calculated the thermal expansion coefficient of

inclusions in steel. However, when the physical and

chemical properties of inclusions are calculated by the first-

principles calculations method, the calculation results will

be very different due to the various crystal structures of

inclusions [9, 10] and the selection of different crystal data,

which will seriously affect the correctness of the conclu-

sion. Therefore, in order to ensure the accuracy of the

calculation results, the selected parameters should be

verified experimentally at the beginning of the calculation.

Unfortunately, few authors are devoting the necessary

attention to this work.

To solve the above three aspects of problems, in this

paper, taking Al2O3 inclusions as the research object, we

propose some new research methods to analyze such

problem. Firstly, the in-situ corrosion morphology of

Al2O3 inclusions were observed using the field emission

scanning electron microscope (FE-SEM). Secondly, the

crystal structures of Al2O3 inclusion were obtained by

electron backscatter diffraction (EBSD) phase identifica-

tion. Finally, the band structure, work function, and elastic

modulus were calculated by first-principles calculations.

The thermal expansion coefficients were calculated using

Phonopy software. The stress surrounding the inclusion

was analyzed by Abaqus software.

2 Methods

2.1 Sample preparation

The tested steel was prepared under laboratory conditions,

and its chemical composition is shown in Table 1. The

ingot was heated to 1050 �C in the heating furnace, held

for 2 h, and then forged. The final rolling temperature was

controlled at about 890 �C. The ingot was forged to 30-mm

slab and air cooled to room temperature. The samples of

10 mm 9 10 mm 9 7 mm were prepared, and the work

face is a cross section of 10 mm 9 10 mm. The work face

was first sanded with SiC sandpaper, then polished with

polishing agent, and finally cleaned with distilled water and

anhydrous ethanol.

2.2 Morphological observation

The morphology of inclusion was observed by FE-SEM.

The phase structure of the inclusions was identified by

EBSD. The sample for EBSD analysis was first mechani-

cally polished and electrolyed for 35 s at DC voltage of

22 V in a solution with a volume ratio of ethanol to per-

chloric acid of 9:1. During the test, the accelerating voltage

is 20 kV, the probe current is * 5 nA, the working dis-

tance is 8.5 mm, and EBSD data are obtained in steps of

1 lm.

2.3 Immersion test

The simulated seawater corrosion immersion experiment

was carried out in 3.5 wt.% NaCl neutral solution (pH =

6.5–7.2), and the samples were taken out after immersion
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for different time to observe the corrosion morphology.

The surface rust layer is removed with descaling liquid and

dried for later use. The corrosion morphology of the sample

was observed by FE-SEM. The sample after observation

was put back into the solution for immersion experiment.

After immersion for a period of time, it was taken out and

the corrosion morphology of the sample was observed

again. The immersion experiment was repeated several

time in turn. All immersion experiments were completed at

room temperature (25 ± 5 �C).

2.4 Calculation methods

The band structure, surface energy, work function, and

elastic modulus of Al2O3 inclusion and Fe matrix were

calculated by Vienna ab-inito simulation package (VASP)

software. The thermal expansion coefficient was calculated

by Phonopy software. The projector augmented wave

(PAW) method was used to describe the interaction

between valence electrons and ions when calculating sur-

face energy, work function, and elastic modulus. The

exchange correlation interaction between electrons adopted

the Perdew–Burke–Ernzerh (PBE) function [24, 25], where

the cutoff energy of the plane wave was 450 eV, the

Gaussian broadening was 0.05 eV, self-consistent cyclic

energy convergence was set to 1.0 9 10–6 eV/atom, and

force convergence was 0.02 eV/Å. The k-point grids of Fe

matrix and Al2O3 inclusion were selected as 13 9 13 9 13

and 7 9 7 9 2, respectively.

The distribution of stress concentration around Al2O3

inclusion was simulated by Abaqus software. The stress

concentration caused by the differences of Young’s mod-

ulus, thermal expansion coefficient, and Poisson’s ratio

between Al2O3 inclusion and Fe matrix was simulated

when the temperature decreased from 890 to 25 �C (room

temperature). The selected parameters were derived from

first-principles calculations results. The left side of Fe

matrix area was fixed in X direction and can move freely in

Y direction. The temperature used the predefined fields in

Abaqus/standard. The simulation type was static. During

the ‘‘seed edge’’ process, the approximate sizes of Al2O3

inclusion and the matrix were set to 0.05 and 0.2, respec-

tively [26].

3 Results and discussion

3.1 Morphology of Al2O3 inclusion

FE-SEM images and energy dispersive spectrometry (EDS)

elements distribution for inclusions of sample are illus-

trated in Fig. 1. EDS elemental analysis shows that the type

of inclusions is Al2O3–TiN. It is elongated, about 10 lm
long and 1 lm wide. Moreover, it is worth noting that TiN

is attached to Al2O3. Some scholars [27] pointed out that

due to the brittleness and not easy deformation of Al2O3

inclusions, under the action of stress, microcracks are easy

to form at the contact between inclusions and the matrix,

which is easy to lead to pitting corrosion. However, our

results are different from theirs. From Fig. 1, there are no

microcracks between Al2O3 inclusion and the matrix.

Therefore, the cause of pitting corrosion should not be

limited to microcracks. Consequently, we need to explore

another reason for Al2O3 inclusion induced pitting

corrosion.

3.2 In-situ corrosion morphology of Al2O3

inclusion

In order to better understand the mechanism of pitting

corrosion initiation induced by Al2O3 inclusion, the in-situ

corrosion morphology of the sample (in Fig. 1) was

observed, as shown in Fig. 2. It can be seen from Fig. 2a

that there is a slight dissolution of the matrix around Al2O3

inclusion, resulting in micro-voids between Al2O3 and the

matrix. Figure 2b is an enlarged view of Fig. 2a, and it can

be seen that black cracks appear around Al2O3, while no

corrosion is found around TiN. Moreover, the initiation of

voids is mainly in the areas where Al2O3 inclusion contacts

the matrix. After immersing for a period of time, the matrix

in contact with Al2O3 inclusions is further dissolved,

resulting in crevices between the inclusion and the matrix,

and forming crevice corrosion. At the same time, countless

small tiny ripples appear on the matrix far away from

inclusion, which means that the matrix also undergoes

dissolution, as shown in Fig. 2c. With the further extension

of corrosion time, large amounts of matrix in contact with

Al2O3 inclusion are dissolved, forming deeper corrosion

Table 1 Chemical composition of tested steel (wt.%)

C Si Mn P S O Alt N Ti Fe

0.0049 0.007 0.12 0.007 0.005 0.0018 0.011 0.003 0.051 Balance

Mechanism analysis of pitting induced by Al2O3 inclusions: insight from simulation calculation

123



pits, which are hollow in shape. In addition, it can be found

that the corrosion rate of the matrix around Al2O3 extends

faster in the longitudinal direction than in the transverse

direction, indicating that the corrosion pits propagate faster

in the transverse direction than in the longitudinal direction

(surface and depth directions of the matrix), as shown in

Fig. 2d. From the above analysis, it can be concluded that

the matrix prioritizes the dissolution of Al2O3 inclusion.

Fig. 1 FE-SEM image and EDS element distribution of inclusion of sample

Fig. 2 Microscopic corrosion morphology of Al2O3 inclusion. a 2 days; b enlarged view of a; c 5 days; d 10 days
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3.3 EBSD phase identification of Al2O3 inclusions

To determine the crystal structure of Al2O3 inclusion,

diffraction analysis and phase identification of the sample

were performed by EBSD, and the results are shown in

Fig. 3c. The crystal structure of the inclusion is identified

as a-Al2O3 by the Kikuchi diffraction pattern. The space

group of the crystal structure is R-3c, as shown in Fig. 3d.

The positions of Al and O atoms are (0, 0, 0.148) and

(0.306, 0, 0.250), respectively. The lattice parameters are

Fig. 3 FE-SEM image of inclusion (a), EDS element distribution of Al2O3 inclusion (b), Kikuchi diagram of EBSD testing (c), calibrated
diagram (d), and crystal structure of Al2O3 inclusion (e)
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a = b = 4.759 Å, c = 12.910 Å, a = b = 90�, c = 120�
[28].

3.4 Simulating calculations

To judge the electrical conductivity of Al2O3 inclusion, its

band structure is calculated using first-principles calcula-

tions. The calculated bandgap of Al2O3 is 5.95 eV, as

shown in Fig. 4. The experimental value of the bandgap of

Al2O3 is 5.6 eV [29] and the calculated value is 5.76 eV

[30] by others reported in the literature, which shows that

our calculated value is within the allowable error range,

indicating that the calculation result is reliable and effec-

tive. The bandgap of Al2O3 is greater than 5 eV [31, 32],

indicating that it is an insulator and does not conduct

electricity. Therefore, there will be no galvanic corrosion

between Al2O3 and Fe matrix.

The difference of surface energy (ESurf) and work

function (U) between inclusions and Fe matrix can affect

the current density during the dissolution process [33]. The

work function and surface energy of different surfaces of

Fe matrix are shown in Table 2. Fe (110) surface has the

smallest surface energy, indicating that Fe (110) surface is

the most stable, in other words, it has the highest proba-

bility of being an exposed surface. Therefore, the work

function of Fe (110) surface (U = 4.711 eV) was chosen as

the reference value to compare the work function size of Fe

matrix and inclusion. In order to characterize the corrosion

tendency of Fe matrix and inclusion, we calculated their

work function. The work function can be calculated from

Eq. (1).

U ¼ Ve�EF ð1Þ

where Ve denotes the electrostatic potential energy of the

electron in the vacuum near the surface; and EF denotes

Fermi energy level of the crystal.

The potential difference between the inclusion and Fe

matrix (DU) can be calculated using Eq. (2).

DU ¼ UAl2O3
�UFe ð2Þ

where UAl2O3
and UFe represent the work function of Al2O3

inclusion and Fe matrix, respectively.

The size of the work function reflects the strength of

electrons bound in the material. The higher the work

function, the more difficult it is for electrons to leave the

parent body, and the less susceptible the material is to

corrosion [40]. The potential difference between different

crystal planes of Al2O3 and Fe matrix can be calculated

using Eq. (2), and the calculation results are shown in

Fig. 5. From Fig. 5, the potential difference between Al2O3

(100), (110) and (001) surfaces and Fe matrix is positive,

which indicates that the work function of Al2O3 (100),

(110) and (001) is higher than that of Fe matrix, and it

shows that Al2O3 is not prone to lose electrons and is not

easy to be corroded.

The calculation results of bulk modulus (B), Young’s

modulus (E), shear modulus (G) and thermal expansion

coefficient (a) of Al2O3 inclusion and Fe matrix are shownFig. 4 Band structure of Al2O3 inclusion

Table 2 U and ESurf of different surfaces of a-Fe

Surface Terminated plan U/eV ESurf/(J m
-2)

Present DFT [34] Experiment [35, 36] Present DFT [37, 38] Experiment [39]

100 1 4.452 4.54 4.67 2.501 2.463, 2.470 2.41

2 4.357 4.54 4.67 2.497 2.429, 2.470 2.41

110 1 4.710 5.12 4.50 2.428 2.645, 2.370 2.41

2 4.711 5.12 4.50 2.403 2.679, 2.370 2.41

111 1 4.480 4.32 4.81 2.692 2.604, 2.697 2.41

2 4.483 4.32 4.81 2.685 2.604, 2.697 2.41

3 4.516 4.32 4.81 2.679 2.605, 2.697 2.41

DFT—Density functional theory
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in Fig. 6. From Fig. 6a, there is a significant difference in

the elastic modulus between Al2O3 inclusion and Fe

matrix. B, E and G values of Al2O3 are 79.18, 172.59 and

72.95 GPa higher than those of Fe matrix. It can be seen

from Fig. 6b that the thermal expansion coefficient of

Al2O3 is always smaller than that of Fe matrix between

0–800 K. At room temperature (298 K), the thermal

expansion coefficient of Al2O3 is 8.017 9 10–6 K-1, while

that of Fe matrix is 11.724 9 10–6 K-1, indicating that

they are quite different (not on the same order of

magnitude).

Due to the differences of elastic modulus and thermal

expansion coefficient between Al2O3 inclusions and Fe

matrix, residual stress will be formed between inclusions

and matrix during rolling process. When the inclusion is

simplified into a sphere, the residual stress around the

inclusion can be calculated by Eqs. (3) and (4) [47].

rR ¼ ðaM�aÞDT
0:5ð1þmMÞþð1�2mMÞd3

EMð1�d3Þ þ ð1�2mÞ
E

ð3Þ

d ¼ R

RM

ð4Þ

where aM, EM, mM represent the thermal expansion coeffi-

cient, Young’s modulus, and Poisson’s ratio of the matrix

at room temperature, respectively; m represents Poisson’s

ratio of Al2O3 inclusion at room temperature; DT repre-

sents the difference between the hot rolling temperature

(890 �C) and the room temperature (25 �C); R is the radiusFig. 5 Potential difference between Al2O3 inclusion and Fe matrix

Fig. 6 B, E and G of Fe matrix and Al2O3 inclusion (a) and a of Fe matrix and Al2O3 inclusion (b)

Table 3 Parameters required for finite element simulations

Parameter Fe Al2O3

Present Experiment [41, 42] DFT [43, 44] Present Experiment [8, 45] DFT [23, 46]

E/GPa 203.12 239.00 175.76 375.71 404.60 353.60

a (298 K)/K-1 11.724 9 10–6 12.5 9 10–6 11.724 9 10–6 8.0169 9 10–6 8.2 9 10–6 8.017 9 10–6

m 0.30 0.27 0.31 0.24 0.23 0.24
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of the inclusion; RM is the radius of the matrix around

Al2O3 inclusion; d is ratio of the radius of the matrix

around the inclusion to the radius of the inclusion,

assuming 4 [48]; and rR is the amount of residual stress.

The parameters selected in Eqs. (3) and (4) are derived

from first-principles calculations results, and the data are

listed in Table 3. According to Eqs. (3) and (4), the max-

imum calculated residual stress around Al2O3 inclusion is

724.66 MPa.

Because Al2O3 inclusion is a hard and brittle phase, in

the hot rolling process, the inclusions at the sharp corners

are easy to extrude to the matrix, forming residual stress.

The residual stress distribution around Al2O3 inclusion was

simulated by Abaqus software, and the results are shown in

Fig. 7. The residual stress at the sharp corner of the

inclusion is relatively large, and it decreases with the

increase in the distance from the inclusions. The maximum

residual stress is 785.9 MPa, which is slightly greater than

the calculated value (but still within an acceptable range).

This may be because the Abaqus software optimizes the

shape of the inclusions during simulation.

EBSD can characterize the degree of lattice distortion in

the matrix around inclusions, KAM diagram can qualita-

tively measure the degree of lattice distortion in adjacent

areas of inclusions [49]. EBSD test results of the sample

are shown in Fig. 8. In KAM diagram, the degree of lattice

distortion increases in order of blue, green, yellow, and red.

From Fig. 8c, there are a large number of green areas and a

small amount of yellow and red areas around Al2O3,

indicating a significant high-density lattice distortion

(stress concentration) area in the matrix around Al2O3.

During the corrosion process, this area has high activity

and is prone to dissolution. This can be used to explain why

the matrix in contact with Al2O3 inclusions preferentially

dissolves during the corrosion process.

There are two main reasons for the formation of lattice

distortion areas in the matrix around Al2O3 inclusions: (1)

The crystal type of Al2O3 inclusion is trigonal system, and

while the crystal type of Fe matrix is a cubic system, these

Fig. 7 FE-SEM image of Al2O3 inclusion (a), schematic diagram of Al2O3 inclusion (b), and simulation results of residual stress distribution

around Al2O3 inclusion (c)
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two different crystal structures cannot form coherent or

semi coherent interfaces. Therefore, the interface formed

between the two has high energy and poor stability. (2)

There is a significant difference in the elastic modulus and

thermal expansion coefficient between Al2O3 inclusions

and Fe matrix, which leads to significant internal stress at

the interface between the two during the hot rolling

process.

3.5 Origin mechanism of pitting initiated
by Al2O3 inclusion

From the above analysis, Al2O3 is an insulator, so that it

will not cause galvanic coupling corrosion. Figure 9 shows

the schematic diagram of corrosion process induced by

Al2O3 inclusions. After immersion for a short period of

time, there is a micro-gap between Al2O3 inclusions and

the matrix, while Cl- or aggressive solution enters the

micro-gap and continues to corrode the matrix, forming

crevice corrosion [32], as shown in Fig. 9a. According to

the results of first-principles calculations and KAM dia-

grams, there is a clear stress concentration area around

Al2O3 inclusion, which means that there is a significant

lattice distortion area at the interface between Al2O3 and

the matrix [27, 50], as shown in the green section in

Fig. 9a. This part of the matrix has relatively high elec-

trochemical activity and is easily hydrolyzed. Therefore,

micro-coupling corrosion is formed between the matrix in

the high-density lattice distortion area around Al2O3

inclusions and the matrix in the non-distortion area. The

matrix in the high-density lattice distortion area acts as an

anode and the matrix in the non-lattice distortion area acts

as a cathode [11], where electrochemical reactions occur.

As corrosion progresses, the matrix in the high-density

lattice distortion area undergoes an anodic dissolution

reaction. At the same time, a small amount of corrosion

products are generated on the inclusions and accumulated

above them, as shown in Fig. 9b. When the matrix in the

lattice distortion area is completely dissolved, the accu-

mulated corrosion products make it difficult to exchange

Fig. 8 EBSD test results of Al2O3 inclusion. a FE-SEM image; b chart with contrast; c KAM diagram of target areas
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substances inside and outside the corrosion pit. At this

point, O2 concentration inside the corrosion pit is lower

than that outside the pit, thus forming an oxygen concen-

tration difference battery [51], which makes the matrix

inside the pit be continuously ionized and Fe2? concen-

tration increase. To maintain the electrical neutrality of the

solution inside the pit, Cl- outside the pit migrates into the

hole and forms a soluble salt with Fe2?. The increasing

concentration of Cl- in the pit accelerates the hydrolysis

reaction of Fe2?: Fe2þ + 2H2O ! Fe OHð Þ2 + 2Hþ, as

shown in Fig. 9c. As the reaction occurs further, H? con-

centration gradually increases and pH gradually decreases,

making the pit be severely acidified and forming a closed

acidified autocatalytic battery [52, 53]. Accelerating the

dissolution rate of the matrix in the pit makes the corrosion

pit expand to the depth and finally form a deeper pitting pit

[27, 54], as shown in Fig. 9d.

In the process of corrosion, the corrosion pit grows

continuously under the combined effect of self-corrosion

current in the occluded areas and anodic polarization

Fig. 9 Schematic diagram of pitting initiation and propagation induced by Al2O3 inclusion
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current, which promotes further corrosion. The severe

acidification environment of the corrosion pit will promote

the dissolution reactions of Al2O3 inclusions [55–57].

Therefore, during the observation of corrosion morphol-

ogy, because Al2O3 inclusions completely dissolved or

peeled off the matrix, Al2O3 inclusions were not found in

some corrosion pits.

4 Conclusions

1. Al2O3 inclusion is an insulator and non-conductive,

and there is no galvanic corrosion between Al2O3

inclusion and the matrix. The work function of Al2O3

is greater than that of Fe matrix, which makes it dif-

ficult to lose electrons and dissolve during corrosion

reactions. The stress concentration of the matrix

around Al2O3 inclusions is relatively high, and then,

the high and the low stress concentration areas formed

a micro-galvanic corrosion, which can be used to

explain the reason of the pitting induced by Al2O3

inclusions.

2. The pitting behavior of inclusions can be analyzed by

calculating the band structure and work function. In

addition, the method of first-principles calculations

coupled with finite element simulation can be used to

characterize the stress concentration around inclusions.

The calculation methods have the potential to be

extended to study the pitting corrosion of common

inclusions in steel.
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