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Corrosion Mechanism of Reinforcement Subjected to Different Corrosive Ions in Concrete
Pore Solution Based On First-Principles
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Abstract: To reveal the difference of corrosion mechanism of steel bars in concrete under Cl~ and SO,* action, and provide the
theoretical basis for the control of concrete corrosion resistance under chloride and sulphate attack, the electrochemical behavior of
reinforcement subjected to CI”and SO4> in concrete pore solutions was investigated, and the competitive adsorptions of corrosive
jons (CI-, SO4*) and passive ions (CaOH", OH") on the Fe (100) surface were analyzed by the density functional theory based on the
first-principles. The results show that the corrosion potential and polarization resistance of steel reinforcement in concrete pore
solution with SO,* both are lower than those in concrete pore solution with Cl, indicating that the steel reinforcement corrosion
occurs more easily in concrete pore solution with SO4*". The inhibition effect of SO,* on the reaction of OH™ and iron surface is
slightly stronger than that of CI”. Moreover, SO,*~ can promote the elongation of Ca-OH bond, and block the interaction of the OH
group in CaOH" and surface Fe atom, showing that the inhibition effect of SO,* on the reaction of CaOH" and iron is stronger than
that of C1™. The results reveal the corrosion mechanism of steel reinforcement under the attack of CI” and SO,*” in concrete.
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Fig. 1 Simulation surface of steel bar
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Fig. 2 Open circuit potential of steel bars in different
simulated concrete solutions with time

Note: i is corrosion current density
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Fig. 3 Linear polarization curve of the steel bars immersed
12 d in different simulated concrete solutions
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Table 1 Polarization resistance (Rp) of steel bar immersed 12d in different simulated concrete solutions (Q-cm?)

Sat. Ca(OH), solution

Ca(OH), solution with 0.04 mol/L NaCl

Ca(OH), solution with 0.04 mol/L Na,SO,

2.37x10° 1.85x10°

8793.8
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Note: Ry is solution resistance; R is charge transfer resistance; CPE is
constant phase element.
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Fig. 4 Equivalent circuit diagram
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Fig. 6 Nyquist plot of steel bar immersed 12 d in different
simulated concrete solutions
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Table 2 Fitting parameters of steel bar by equivalent in different simulated concrete solutions circuit (Immersed 12 d)

Fig. 5 Charge transfer resistance (R, of steel bar in different
simulated concrete solutions with time

) s ) CPE
Solution Ry/(Q-cm”) R./(Q-cm”) )
YAQ ' -em 8" n
Sat. Ca(OH), solution 58.61 3.10x10° 3.53x10° 0.92
Ca(OH), solution with 0.04 mol/L NaCl 35.19 1.56x10° 3.85x10° 0.93
Ca(OH), solution with 0.04 mol/L Na,SO4 18.87 4.71x10° 3.73x10° 0.92

Note: n and Y are the parameters associated with CPE.
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2.2.1 W B R AR B &5 A AR Ak 43 B Kl 8 A (I Bt B8 (—400.18 kJ/mol), tBH C1Fl SO,* #E Fe
OH 7E TR I CI A SO,> ¥ Fe (100K LMW (100)Z 1 K TR M X155 7 OH 15 22 i, H

(a) Eags=—400.18 kJ/mol (b) Eags=259.65 kJ/mol

Note: E,qs is adsorption energy.

K17 OH . CaOH'fETF#4 Fe (100)7[Hi % b #4214
Fig. 7 Configuration of OH and CaOH" adsorption on clean Fe (100) surface

(a) Eqqs=—385.24 kJ/mol (b) Eag=—374.25 kJ/mol
K8 OH 7EFURFH CI'/SO,> ¥ Fe (100)7< 1 - f) W 14 %
Fig. 8 Configurations of OH™ adsorption on clean and C1 /SO,> preadsorbed Fe (100) surface
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Fig. 9 Configurations of CaOH" adsorption on clean and C1 /SO,> preadsorbed Fe (100) surface
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Fig. 10
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Fig. 11  Density of state of Fe—Ca and Fe—Oyc,, bonds after CaOH" adsorption on clean and C1 -preadsorbed Fe (100) surface
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R 3T Fe(1) 5711 & FAET Fe (100)
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K12 CaOH'fET1# AT SO,> H Fe (100)7% 1M fft &
Fe— Oy BN 3
Fig. 12 Density of state of Fe—O, bond after CaOH"
adsorption on clean and SO,* -preadsorbed Fe (100)
surface

K13 CaOH 7E T SO4 (¥ Fe (100)FK WK Fit 5 Ca JE-
5 0o fll Oy JHL T-HIZSHE
Fig. 13 Density of state of Ca-O, and Ca-Os, bond after
CaOH" adsorption on SO4* -preadsorbed Fe (100)
surface

&3 OH 7ET% Fe (100)RE MMM CI sk SO, HY Fe (100)ZKEHY Mulliken FELTT
Table 3 Mulliken charges of OH™ on clean, CI -preadsortion and SO, -preadsorption Fe (100) surface

Atom Surface S p d Total Chargex10%°/C
Oy Clean Fe (100) surface 1.86 4.93 0.00 6.79 —12.66
CI -preadsorbed Fe (100) surface 1.85 4.94 0.00 6.79 —12.66
SO,* -preadsorbed Fe (100) surface 1.86 4.93 0.00 6.79 —12.66
H Clean Fe (100) surface 0.62 0.00 0.00 0.62 6.09
CI -preadsorbed Fe (100) surface 0.61 0.00 0.00 0.61 6.25
SO,* -preadsorbed Fe (100) surface 0.61 0.00 0.00 0.61 6.25
OH" Clean Fe (100) surface -6.57
CI -preadsorbed Fe (100) surface —6.41
SO,4* -preadsorbed Fe (100) surface —6.41

Atomic label is shown in Fig. 8.

T 4 1F B R R A ] (3.69% 10720 C), T 72 TR
SO, 1 Fe (100)3 [fiff) 1E s 48 0 £(3.36x10°%°
O T HoAth 2 NEME. HILTT W, SO % OH
L3R Fe Ji+ 2 A A e B M AE 3 T CL
BRItz 4b, OH WP AT Cl JEEFF1 Oy 5+ 1) A
BB, BB CI A SO~ 5 F 4 I OH 2
) JUF 3 A FL A A%, R AT DUHENT C1 A SO %
OH 58k THE F M| 3= ZRIE T EA IR 2R 1
I EETE 41 T, SO LT CITFE Fe (100)3 I 7]
YRR ML, FTRL SO4S XS4 OH 7 Fe
(100)3= 171 P B Py e sl FH B 5t o

# 5 R T CaOH 7ET4F Fe (100)2 [ AT

CI's{ SO Fe (100)ZE A Mulliken HLfF, HI3C
BR[1S]A A1, CaOH'5 3 FERREVEFN, Oyt
FEMKIA Fe i H1FHF, Ca EE WK Fe i+
TR, ME 5 ATRLE R, OB FIERIRM CI
8, SO, (¥ Fe (100)22 1 (1L B A—13.14x107 C,
40 E /N T HAE 1§ Fe (100) % 18 ) L fif &
(—13.94x10° C), BEHIFE TR T C1 Bk SO,> ) Fe (100)
K F O EF AR EFECE D, H4h, Ca i+
TE TR B SO42 Y Fe (100) 3 T H HA, 717 & (20.67x
1072 C) ¥R T HAEW M CL ) Fe (100)2 [ AIF-1% Fe
(100)R M (M &, W] Ca JRFLETHT SO
Fe (100)3K M Lk LR FHERZ .
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*4 OH WHHAETF T4 Fe (100)REAFAWHME CI'sk SO, Y Fe (100)3RME Cl. Oy Fe JRTAJ Mulliken B3 7]
Table 4 Mulliken charges of Cl, O,y and Fe atoms of clean, CI -preadsortion and SO, -preadsorption Fe (100) surface

before and after OH adsorption

Chargex10%/C

Atom Surface Charge changex10%*/C
Before adsorption After adsorption

Cl CI -preadsorbed Fe (100) surface —4.33 —4.49 —-0.16
Ogsiy SO427—preadsorbed Fe (100) surface —12.98 —13.14 -0.16
Feq) Clean Fe (100) surface 0.32 3.85 3.52
CI -preadsorbed Fe (100) surface 0.80 4.01 3.20
SO427—preadsorbed Fe (100) surface 4.97 6.73 1.76
Fep) Clean Fe (100) surface 0.48 4.17 3.69
CI -preadsorbed Fe (100) surface 0.64 4.33 3.69
SO,* -preadsorbed Fe (100) surface 0.96 433 3.36

Atomic label is shown in Fig. 8.

%5 CaOH'ET4 Fe (100)REFFAMM CI'5k SO, Y Fe (100)Z EHY Mulliken FE7
Table 5 Mulliken charges of OH on clean, CI -preadsortion and SOf"-preadsorption Fe (100) surface

Atom Surface S p d Total Chargex10%°/C

Oca) Clean Fe (100) surface 1.84 5.03 0.00 6.87 —13.94
CI -preadsorbed Fe (100) surface 1.84 4.98 0.00 6.82 —13.14
SO,* -preadsorbed Fe (100) surface 1.85 4.97 0.00 6.82 —13.14

Ca Clean Fe (100) surface 2.24 5.99 0.59 8.81 19.07
CI -preadsorbed Fe (100) surface 2.22 5.99 0.59 8.79 19.39
SO,* -preadsorbed Fe (100) surface 2.15 5.99 0.57 8.71 20.67
CaOH" Clean Fe (100) surface 11.38

CI -preadsorbed Fe (100) surface 12.34
SO,* -preadsorbed Fe (100) surface 13.14

Atomic label is shown in Fig. 9.

L CaOH' 5 3 R T (1) L fr e RS 1 0, 3
Ft—L 0 HrE CaOH VER IR Fe JR 1R ar
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&6 CaOH'RHMIRIET % Fe (100)FREFFAM CI'st SO A Fe (100)3KH Fe JRT /) Mulliken B3 75

Table 6 Mulliken charges of Fe atoms of clean, CI -preadsortion and SO,* -preadsorption Fe (100) surface before and after

CaOH" adsorption
Chargex10%°/C
Atom Surface Charge changex10%’/C
Before adsorption After adsorption

Cl CI -preadsorbed Fe (100) surface —4.33 =5.77 —1.44
Oy SO,* -preadsorbed Fe (100) surface —12.98 —13.94 —0.96
Fe(2) Clean Fe (100) surface 0.32 2.24 1.92
CI -preadsorbed Fe (100) surface 0.64 3.36 2.72
SO,* -preadsorbed Fe (100) surface 0.64 1.92 1.28
Fe(3) Clean Fe (100) surface 0.48 -7.53 -8.01
CI -preadsorbed Fe (100) surface 1.44 —4.17 -5.61
SO,* -preadsorbed Fe (100) surface 0.64 —2.88 -3.52

Atomic label is shown in Fig. 9.
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