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Abstract:

The study on the properties of passive films in alkali-activated slag cement can provide a
theoretical basis for the development and application of low-carbon and environmental friendly
concrete materials. In this paper, the passivation behaviour of anti-corrosion rebar (AR) and normal
reinforcing steel (NR) in sulfur-free simulated pore solutions of alkali-activated slag cement pastes
was investigated using electrochemical, microscale techniques and molecular dynamics modelling.
Results showed that the formation time, composition and thickness of the passive film were affected
by the types of simulated pore solutions. Molecular dynamics further elucidated the reason for
difference in the protective ability of passive film in three types of simulated pore solutions. The
results of protection capability of two kinds of rebar obtained from molecular dynamics were

consistent with those of electrochemical impedance spectroscopy (EIS).
Keywords: passivation; steel bar; alkali-activated; protective ability; molecular dynamics
1. INTRODUCTION

The production of one tonne of Portland cement (PC) consumes 4 GJ of energy and emits
nearly 0.85 tons of carbon dioxide to the atmosphere [1]. In China alone, 2.35 billion tonnes of

cement were produced in 2019, causing serious environmental problems. Therefore, it is of great
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value and significance to find alternative low-carbon cement for the sustainable development of
construction industry. Industrial by-products, such as ground granulated blast furnace slag (GGBS),
fly ash and silica fume, have much lower embodied CO; than PC and, hence, have been widely
accepted as partial replacements for PC to meet the sustainability requirements of construction
industry [2-4]. Although the current PC standard allows high replacement levels, such as up to 95%
GGBS [5], in practice, this may lead to performance degradation, such as low early strength[6],
reduced tensile strength and splitting tensile strength[7], and a significant increase in carbonation

rate[8], which has attracted industry attention [9].

By contrast, high performance cementitious materials can be formulated using alkaline
activators, such as sodium silicate and sodium hydroxide, to active GGBS or fly ash to replace PC,
and these materials are generally referred to as alkali-activated cementitious materials (AAM) [10].
Compared to the PC concretes blended with high level industrial by-products, AAM has
demonstrated some superior properties. For example, after good design, AAM concrete exhibits
lower hydration heat, higher early strength and better resistance to sulfate attacks than PC [11-13].
Extensive research interests have, thus, been generated worldwide in the past to investigate its
hydration products, strength and microstructures in order to develop a scientific basis for its
industrial application [14]. On the other hand, some other properties directly related to the
construction practice have also attracted some attention. For instance, it has been confirmed that the
bond strength between reinforcing bar and AAM concrete is better than that with PC[15-16].
Although AAM is known to be more prone to cracking, super absorbent polymer (SAP) and fiber
have been shown to be able to improve its crack resistance [17]. Furthermore, numerous
experimental results have also indicated that the AAM is a strain-rate sensitive material with its
failure modes under impact load similar to those of PC. All these studies have thus indicated that

AAM concrete has many potential promising applications [18].

Among various possible applications, AAM is considered to be more suitable for servicing
marine environments than PC concrete. Through the good design of mix proportion for alkali-
activated materials, the silicon content (Si: Al ratio), alkali content (Na: Al ratio) and water content
(L: s ratio) can be improved, so as to refine the pore structure, improve the chloride binding ability,
and further strengthen the chloride resistance ability of AAM in marine environment [19-22]. And
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increasing the amount of Si in activator would result in a lower total porosity and a finer pore
structure[23]. Additionally, Monticelli et al. reported that alkali-activated fly ash mortars could
enhance the protection towards the steel bar compared to PC [24]. On the other hand, it has been
postulated that the hydration products, such as C-A-S-H and N-A-S-H, as well as the SiOz? and
AlO? ions, in AAM could be adsorbed on the passive film of steel bar and, hence, be able to delay
the chloride-induced depassivation [25-26]. In addition, the COs? in the pore solution of Na,COs
activated slag was also found to be able to decrease the defects of passive film and, therefore, hinder
the pitting corrosion of steel bar [27]. Therefore, it can be deduced that AAM could be a better
alternative cementitious material for marine structures where chloride-induced corrosion is the main
durability concern. Generally, a protective passive film, composed of iron oxide and hydroxide,
forms on the surface of steel rebar in PC, which stabilizes the steel rebar from chloride-induced
corrosion. Since the resistance of steel bar to corrosion is believed to be closely related to the
properties of the passive film formed in concrete pore solution [28], a good understanding of the
passivation mechanisms of steel bar in AAM is important for the durability design of AAM-based
structures. Unfortunately, the study on the passivation of steel in AAM is considerably scarce in the
literature. Moreover, the protective capacity of passive film could be influenced by the pore solution
chemistry of AAM, such as the pH and anions in the AAM pore solutions. In practice, the situation
is even more complex since AAM concrete could be designed with similar strength using different
activators. Although mechanically this would not generate much difference, the pore solution
chemistry could be different. As a result, the passivation of steel bar might be affected. On the other
hand, AR has been found to be an effective solution to improve the durability of reinforced concrete
in severe marine environment [29-30], because the Cr existing in AR steel matrix could help to
produce a protective layer on steel bar, leading to a much improved resistance to chloride-induced
corrosion [31]. As a result, the critical chloride value could be significantly enhanced when AR is
adopted in reinforced concrete structure. Based on this, it could be deduced that the concrete cover
thickness and even concrete compactness required to resist the chloride penetration can be reduced.
Hence, the cracking risk of concrete cover and construction difficulty may be decreased, which
contributes to a higher cost-efficiency ratio for adopting AAM in reinforced concrete structure.
Therefore, it can be concluded that the resistance of AAM-based reinforced concrete to the chloride-

induced corrosion not only depends upon the type of chemicals to be employed as activator, but also
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relies on the type of steel bar to be used as reinforcement.

Due to the complexity of the composition of AAM pore solution and the difference between
simulated pore solution and actual environment [32], the passivation and corrosion behavior of steel
bar by pore solution is very different from that of actual concrete. However, regarding the influence
of materials and environment on the passivation and depassivation of steel bars, the key information
of passivation time, passive film thickness as well as depassivation of steel bars can be quickly
obtained by using the simplified simulated pore solution. However, due to the variety and high
concentration of ions in alkali activated pore solution, the mechanism of passivation and
depassivation is very complex. Among them, the influence of sulfur ion is more complex and needs
more systematic and comprehensive research in the future. Therefore, the purpose of this paper is
to study the passivation process and passive film performance of NR and AR steel bars in sulfur
free simulated pore solution of alkali activated concrete, which can preliminarily provide a set of
methods for characterizing the microstructure of the passive film, and some experimental basis for
the mix proportion optimization of high durability steel reinforced alkali activated concrete

materials.

2 EXPERIMENTAL
2.1 Materials and specimen preparation
2.1.1 preparation of AAM mortars

S95 GGBS (Chinese standard GB/T18046-2008) was used as basic materials, which was
activated by alkali, with a mainly chemical composition of (% by weight) 46.34 CaO, 29.05 SiOs,
12.51 Al>O3, 1.3 Fe;03, 5.72 MgO and 1.18 SOs. The specific surface area and gravity of S95 GGBS
is 379m?/kg and 2.81, respectively. Both NaOH and Na,SiOs were used as alkali activators for S95
GGBS. The NaO concentration in the two kinds of activating solutions was 5% by weight of slag.
The mortar with Na,SiOs as the activator is called PSS, while the mortar with NaOH as the activator
is called PSH. The river sand with a fineness modulus of 2.7 was used as aggregate, and the
sand/binder weight ratio was 2.0 for both AAM mortars. Mortar samples with a size of
40x10x160mm? were used for pore solution extraction. Given that the chemical composition of
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pore solutions in AAM is nearly unchanged from 7 d to 180 d [31], the mortar specimens were all

cured for 14 days at (20£3) °C and 95% relative humidity and crushed for pore solution extraction.
2.1.2 preparation of the simulated pore solutions

The device and methods of pore solution extraction in this experiment was referred to Wang et al
[33]. The pH of the extracted pore solutions were determined using a precision pH meter, and the
concentrations of each element were measured by inductively coupled plasma optical emission
spectroscopy. The concentration of the elements and pH of pore solutions were listed in Table 1.
The chemical composition of extracted pore solution of AAM were dominated by [Na] with the
concentrations above 10* ppm, and lower concentrations of [K], [Al], [Ca] were observed in the
same specimen. And low concentrations of [SO4*] and [S%] were observed in PSS and PSH
solutions. Due to the limited amount of pore solution extracted from mortar as well as the complex
influence of anions, such as [SO4%] and [S%], on the passivation and depassivation process of
reinforcement, in this study, sulfur free simulated pore solution was prepared according to the
composition of the extracted pore solution in Table 1. Meanwhile, an alkaline solution with pH and
chemical composition consistent with those previously reported, was used as simulated pore

solution of PC mortars [34].

Table 1 Chemical elements and pH of the pore solutions extracted from AAM mortars (ppm)

Mortars  Activator Al Ca Fe K Na P SO S pH

PSS NazSiO3 1.15x102  10.5 2.74 2.83x102 1.42x10* 13.44  3.55x10° 6.72x103 13.03
PSH NaOH 6.07x102  1.67 <1 1.77x108 3.67x10* 1021 2.69x103 8.64x103 13.53
pPC / / 8.98x102 / 2.25x10* 4.60x103 / / / 13.35

2.1.3 Preparation of WE

The working electrode (WE) in the electrochemical tests were made from either AR or NR bars
with a diameter of 10 mm and a length of 3 mm, respectively. Table 2 presents the chemical
composition of AR and NR. A copper wire lead was soldered to one end of the WE, whilst the other
end was exposed as working surface. The rest of the WE was then sealed by epoxy resin. The
working surface was sequentially polished by SiC water polishing papers with grits of 400-1500%#.
Finally, the WE was ultrasonically degreased in acetone, washed in distilled water, and then dried

at room temperature.



Table 2 Chemical compositions of steel bar (%)

Chemical compositions

Type .

Fe C Si Mn P S A\ Cr Mo
AR Bal. 0.01 0.49 1.49 0.01 0.01 0.06 10.36 1.16
NR Bal. 0.22 0.53 1.44 0.02 0.02 0.04 - -

2.2 Electrochemical experiments

Electrochemical experiments were conducted with a classical three electrode configuration.
The rebar acted as the WE with a platinum foil of 2.0 cmx2.0 cm as the counter electrode and a
saturated calomel electrode with a Luggin capillary as the reference electrode. The electrochemical
measurements were performed using a Princeton Versa STAT 3 potentiostat/galvanostat (Princeton
Applied Research, Oak Ridge, United States) at (23+2)°C. EIS measurements were determined in
the frequency range from 100 kHz to 10 mHz at steady open-circuit potential with a disturbance
amplitude of 10 mV. The EIS data were analysed by ZsimpWin software (Echem software, USA).

All the tests were carried out in triplicate for each sample.
2.3 Characterization of Chemical composite and microstructure of passive film

X-Ray photoelectron spectroscopy (XPS) with a non-monochromatic Al Ka X-ray source was
used to analyse the passive film developed on the surface of the steel bar in simulated pore solutions.
Spectra of Fe 2p and Cr 2p were recorded. The argon ion sputtering was used to obtain the chemical
composition of passive film information at different depths. Before each scan, ionized argon ion
beam etched the sample layer at a sputtering speed of 0.2 nm/s. In this way, the depth profile could

obtained for the passive film. The software used for deconvolution of XPS spectra is XPS Peak Fit.

The microstructure of passive film on the steel bar surface before and after immersed in simulated
pore solutions for 10 days were measured by Atomic force microscopy (AFM). AFM
measurements were operated in tapping mode. The scanning area of AFM measurement was 3

pmx3 pm.

3. RESULTS AND DISCUSSION

3.1 EIS of steel bars in simulated pore solution

The EIS results of AR and NR immerse in the simulated PC, PSS and PSH pore solutions over

10 days are plotted in Figs.1-3, respectively.
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Fig.1 EIS plots of different steel bars immersing in PC simulated pore solution at different time.(a)

Nyquist plots of NR, (b) Phase angle of Bode plots for NR, (¢) Nyquist plots of AR, (d) Phase angle

of Bode plots for AR
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Fig.2 EIS plots of different steel bars immersing in PSH simulated pore solution at different time.

(@) Nyquist plots of NR, (b) Phase angle of Bode plots for NR, (c) Nyquist plots of AR, (d) Phase

angle of Bode plots for AR
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Fig.3 EIS plots of different steel bars immersing in PSS simulated pore solution for different time.
(@) Nyquist plots of NR, (b) Phase angle of Bode plots for NR, (c) Nyquist plots of AR, (d) Phase

angle of Bode plots for AR

It is generally believed that the capacitive arc in low frequency region of Nyquist plot is
controlled by the charge transfer process, providing the information on charge transfer resistance
and double-layer capacitance of the reinforcing bars [35]. The radius of the capacitive arc represents
the size of the charge transfer resistance. While in high frequency region, the capacitive arc is
derived from the feedback of resistance and capacitance of the passive film, and the radius of the

capacitive arc is related to the resistance of passive film. From Figs. 1-3, it can be seen that the



capacitive arc of steel bar soaked in simulated pore solution of PC, PSH and PSS gradually increased
with time, indicating that the steel bar was gradually passivated with time. For NR, it could be
obviously seen that the impedance of the system in PSH simulated pore solution was higher than
the other two samples in PC and PSS solution, which was higher than 2.5x10°Qscm? after 240 h
immersion. While for AR, the impedance of the system in PSS simulated pore solution was the
highest, PSH followed next, and PC was the worst, which was less than 1.0x10°Qecm? after 240h

immersion.

As mentioned above, two time constants are present which represent the electrochemical
responses of passive film and double layer, respectively. Thus, the equivalent circuit with two time
constants as shown in Fig.4 was used to model the EIS data and the fitted values of each element

can be used to describe the electrochemical reaction mechanism quantitatively.

Qc
NN\
7/
—\V\Vv—] Qa —*
R N\
7/
AN
R; AN
Rct

Fig.4 Equivalent circuit for steel bar/passive film system

Where, Rs is the solution resistance, Rs is resistance of the passive film, R is the charge transfer
resistance. Q. represents the capacitance of the passive film and Qg represents the double layer
capacitance of solution/steel bar. It should be noted that due to the porous and uneven surface of the
passive film, the constant phase angle elements Q were usually used to replace the capacitance

component [36].
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The EIS plots were fitted. All the data are presented in Tables 3-8. And the R results are present
in Fig. 5. It can be seen that Rt of NR and AR in PC, PSH and PSS increased rapidly during the
first hour and then stabilized, which indicated that passive film started to grow as soon as bare steel
was immersed in pore solutions and finally formed a stable passive film. The passive film played a
protective role for the base metal and prevented the process of charge transfer. For NR, the growth
period of passive film in PC, PSH and PSS were about 48h, 4h and 192h, individually. While for
AR, the growth period of passive film in PC, PSH and PSS was about 48h, 12h and 96h, respectively.
It can be concluded that in PSH, no matter what kind of matrix, the time limit of passive film stop
growing is the shortest, while, in PSS, it is the longest. Therefore, the passivation process was

closely related to the pH and the ion type of solution.

Table 3 Electrochemical impedance parameters for AR immersing in PC solution

Qe Qui

Rs Yoc Rt Yodl Ret

Q@  (s"Qtcm?) e @cemd)  (Qtem?) " (@em?)
0.5h 191  6.30E-05 0.85 61900  106E-04 061 9.68E+04
2h 142 4.40E-05 088 71610  9.30E-05  0.66 2.11E+05
4h 163  4.13E-05 0.88 65410  B840E-05  0.67 3.48E+05
6h 163  3.96E-05 0.88 65900  7.91E-05 0.68 5.00E+05
8h 119  3.75E-05 0.89  621.80  7.71E05  0.68 5.01E+05
10h 287  3.15E-05 092 81920  6.02E-05 071 5.83E+05
12h 127  3.75E-05 0.89 67870  T.40E-05  0.68 7.51E+05
24h 127  3.75E-05 0.89 67870  T.40E-05  0.68 1.26E+06
48h 235  3.45E-05 090 85490  656E-05 070  2.64E+06
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96 h

144 h
196 h
240 h

2.27
1.68
2.19
2.87

3.31E-05
3.05E-05
3.25E-05
3.15E-05

0.91
0.92
0.92
0.92

785.60
731.10
772.40
819.20

6.54E-05
6.47E-05
5.81E-05
6.02E-05

0.70
0.70
0.71
0.71

3.08E+06
3.49E+06
7.40E+06
7.63E+06

Table 4 Electrochemical impedance parameters for NR immersing in PC solution

Qe Qui

Rs Yoc Rt Yodi Ret

@ ©atm?y " @emd)  ©@Qtem?d) O (@Qemd)
0.5h 242 3.19E-05 095 109.30  732E-05 074  7.79E+04
2h 292 534B-05  0.89 459.00  3.14E05 082  9.13E+04
4h 205  435B-05 0091 28220  326E05 083  2.27E+05
6h 283 452B-05  0.90 407.10  249E05 085  4.70E+05
8h 1.84  441E-05  0.90 31510  2.35E-05 0.84  6.39E+05
10h 172 390E-05 092 31770 2.85E-05 0.83  6.43E+05
12h 267  476B-05  0.89 59650  1.61E-05 087  7.51E+05
24h 332 1.78E-05 1.0 232 626E-05 083  1.26E+06
48h 231 1.80B-05  1.00 250  5.87E-05 0.82  2.64E+06
96 h 176 6.35E-05  1.00 4378 636E-05 085  3.08E+06
144h 189 3.53E-05  0.89 480  2.10E-05 0.82  4.18E+06
192h 0.15  238B-05  0.94 1632 3.12E-05 080  6.06E+06
240 h 0.65  234B-05  0.93 4813  2.86E-05 080  6.07E+06

Table 5 Electrochemical impedance parameters for AR immersing in PSH solution

Qe Qui

Rs Yoc Rt Yod Ret

(Q) (S"Qt-cm?) ¢ (Q-ecm?)  (S"Qt-cm?) e (Q-cm?)
0.5h 0.79 3.31E-05 1.00 3.38E+01 6.99E-05 0.72  1.93E+04
2h 1.47 6.01E-05 0.92 4.86E+01 1.11E-04 0.81 5.97E+04
4h 1.76 5.49E-05 0.93 2.02E+01 2.01E-05 0.44  8.13E+04
6h 2.21 1.49E-05 0.93 2.26E+00 1.60E-05 0.73  1.83E+05
8h 1.50 2.75E-05 1.00 7.16E+01 3.25E-05 0.74 1.16E+05
10h 1.57 4.97E-05 0.93 3.46E+01 2.74E-05 0.36 1.19E+06
12h 3.28 5.09E-05 0.93 5.04E+04 3.56E-05 0.44  2.17E+06
24 h 3.07 4.72E-05 0.93 6.88E+04 4.52E-05 0.61 3.00E+06
48 h 2.00 4.42E-05 0.94 7.46E+04 4.48E-05 0.71 4.20E+06
96 h 4.33 4.23E-05 0.94 7.87E+04 4.16E-05 0.75  4.75E+06
144 h 4.87 4.09E-05 0.94 9.58E+04 3.88E-05 0.82  5.53E+06
192 h 5.42 4.08E-05 0.93 9.56E+04 3.85E-05 0.83  6.36E+06
240 h 4.12 4.29E-05 0.93 8.75E+04 3.75E-05 0.81 7.00E+06
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Table 6 Electrochemical impedance parameters for NR immersing in PSH solution

Qe Qui

Rs Yoc Rt Yodi Ret

Q  (S"Qlcm?) ’ @emd)  (EQtem?) " (@emd)
0.5h 124 1.84E-05 100 2.08E+01  4.19E-05  0.82  5.98E+04
2h 186  2.20E-05 096 3.54E+02  1.49E-05 079  1.34E+05
4h 170 1.80E-05 100 7.06E+01  2.76E-05  0.83  1.40E+06
6h 0.74  1.34E-05 100 3.16E+01  243E-05  0.79  1.52E+06
8h 194  1.19E-05 100 1.89E+01  235E-05  0.78 2.25E+06
10h 121 1.20E-05 100 220E+01  233E-05 078  2.30E+06
12h 147 1.19E-05 100 2.08E+01  232E-05  0.77 3.36E+06
24h 124 1.28E-05 0.99 225E+01  2.14E-05 076  3.16E+06
48h 139 1.19E-05 100 2.00E+01  222E-05  0.77 4.47E+06
96 h 0.69  1.23E-05 100 3.01E+01  2.17E-05  0.77 4.80E+06
144 h 043 1.31E-05 100 486E+01  2.16E-05  0.76  5.24E+06
192h 0.96  1.26E-05 100 238E+01  240E-05  0.77  5.99E+06
240 h 0.60  1.42E-05 100 3.57E+01  229E-05  0.77  6.08E+06

Table 7 Electrochemical impedance parameters for AR immersing in PSS solution

Qc Qui

Rs Yoc Rt Yod Rt

(Q) (S"Qt-cm?) ¢ (Q-ecm?)  (S"Qt-cm?) e (Q-cm?)
0.5h 2.36 1.95E-05 0.99 15.78 3.84E-05 0.81  5.50E+04
2h 3.03 2.40E-05 0.96 28.39 2.15E-05 0.83  2.32E+05
4h 2.35 1.92E-05 0.98 26.36 2.29E-05 0.84  3.60E+05
6h 2.43 1.79E-05 0.99 28.56 2.20E-05 0.84  4.55E+05
8h 2.76 1.69E-05 0.99 26.41 2.23E-05 0.85  6.01E+05
10h 2.94 1.72E-05 0.99 24.51 2.23E-05 0.85  6.69E+05
12h 1.99 1.71E-05 0.99 27.59 2.18E-05 0.85  7.50E+05
24 h 2.18 1.69E-05 0.99 25.71 2.12E-05 0.85  8.40E+05
48 h 2.52 1.72E-05 0.99 25.67 2.02E-05 0.86  1.02E+06
96 h 242 1.99E-05 0.97 26.89 1.78E-05 0.87  3.02E+06
144 h 2.69 3.32E-05 0.93 106.40 4.50E-06 0.95 4.80E+06
192 h 3.02 1.66E-05 1.00 37.25 1.72E-05 0.85 5.91E+06
240 h 3.39 1.34E-05 1.00 33.16 1.87E-05 0.86  6.60E+06
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Table 8 Electrochemical impedance parameters for NR immersing in PSS solution

Qe Qui

Rs Yoc Rt Yodi Ret

Q  (S"Qlcm?) fe @emd)  (EQtem?) " (@emd)
0.5h 0.61  4.20E-05 090 196E+03  1.01E-04  0.68 7.39E+04
2h 112 2.67E-05 0.94 1.52E+03  7.05B-05 075 1.42E+05
4h 0.78  2.84E-05 093 188E+03  6.36E-05 078  1.89E+05
6h 203 2.71E-05 093 186E+03  6.12E-05 079  2.25E+05
8h 109 2.55E-05 0.94 178E+03  S591E-05 079  3.16E+05
10h 235  2.67E-05 0.93 2.04E+03  S5.46E-05  0.80  3.66E+05
12h 043 2.18E-05 0.96 1.50E+03  5.92E-05 078  5.11E+05
24h 070 1.72E-05 098 128E+03  4.99E-05 078  6.56E+05
48h 199 2.14E-05 0.94 236E+03  3.77E-05 081  7.40E+05
96 h 0.57  1.48E-05 098 1.01E+03  4.10E-05 081  9.82E+05
144 h 291 2.17E-05 093 2.17E+03  3.44E-05  0.81  2.14E+06
192h 184 1.97E-05 0.94 181E+03  3.50E-05  0.81  3.57E+06
240 h 382 2.18E-05 0.93 220E+03  3.40E-05  0.82  3.69E+06

3.2 Chemical composites and thickness of passive film

The XPS full spectra at the surface region of steel bars immersed in simulated pore solution of
PC, PSH and PSS for 10 days are presented in Fig.6. Considering the thickness of passive film, the

sputtering depths were 0, 6 nm, 12 nm, 18 nm and 24 nm.
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Fig.6 XPS spectrum of NR(a) and AR(b) with the sputtering depth of Onm after 10 days immersion
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From Fig.6, it can be seen that the elements of Fe and O mainly existed in NR, while Fe, O
and Cr are present in the XPS spectrum of AR. This indicates that the composition of the passive

film formed on the steel surface is significantly dependent on the composition of the steel.

Based on the deconvolution of the XPS spectra detected at various depths, the Fe2p. Cr2p
spectrum at different sputtering depth of NR and AR immersing in alkali-activated slag simulated
pore solution for 10 days were further analysed, and the results are presented in Figs.7-9. The area

of each component at the depth of Onm calculated by convolution were listed in Table 9.
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enlarged spectrum with Onm sputtering depth of (d)Fe 2ps;2 for NR , (e)Fe 2ps2 for AR, and () Cr

2pap for AR.
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Table 9 Area of passive film component at the depth of Onm for NR and AR in different
solutions.

. area name in molecular dynamics
solution element component
model
NR-Fe2ps2 FeOOH 2386 M1
Fe203 2481
PC AR-Fe2ps;2 FeOOH 789 M4
Fe203 562
AR-Cr2ps» Cr0s 190 /
CrOCH 1035
NR-Fe 2pa;2 FeOOH 7658 M2
FeO 6793
FeOOH 1367
PSH AR-Fe2ps; FeO 3345 M5
Fe203 2059
AR-Cr2par CrOCH 3004 /
Cr203 1365
FeOOH 1085
NR-Fe2ps2 FesOs 1870 M3
FeO 1740
PSS FeOOH 4
AR-Fe2psp e00 50 M6
Fe203 2108
AR-Cr2ps: CrOCH 1355 /
Cr203 110

From Figs.7-9 it can be seen that for NR samples, the passive film contained iron oxides, while
for AR samples, the passivation film contained not only iron oxides, but also chromium oxides. And
different split peaks could be observed at different binding energy. From Fig.7 it can be seen that,
for NR and AR samples in PC, 710.6 eV and 711.6 eV were found to be Fe** (Fe,O3/FeOOH), the
remaining one corresponded to Fe. Moreover, in the Cr 2ps2 spectrum in Fig. 7, the three peaks at
binding energy of 574.4 eV, 581.0 eV and 576.5 eV corresponded to the Cr, CrO3z and Crz0s,
respectively. As comparison, for NR and AR samples in PSH, the binding energy of Fe 2ps. at
706.4 eV, 709.5 eV, 710.6 eV and 711.6 eV were assigned to Fe, FeO, Fe;O3 and FeOOH,
respectively, as shown in Fig.8. In addition, the peak at 573.6 eV, 577.9 eV 576.0 eV was assigned

to Cr, CrOz and Cr,0s, respectively. For NR and AR samples in PSS, as shown in Fig. 9, the binding
17



energy of Fe 2ps at 706.7 eV, 710.0 eV, 711.0 eV, 711.6 eV corresponded to Fe, FeO, Fe;03 and
FeOOH, respectively. Additionally, the combination energy of Cr 2ps» were 574.1 eV, 579.4 eV
and 576.7 eV, corresponding to the Cr, CrOs and Cr20s, respectively. In addition, with the increase
of sputtering depth, the peak width decreased, the content of Fe increased, and the content of iron

oxides reduced. For AR, the content of Cr increased but the chromium oxides reduced.

Fe element in the passive film originated from the outward diffusion of steel matrix, which
resulted in the gradual variation of Fe content through the passive film. The content of iron oxide
decreased with the sputtering depth while the content of iron increased with the sputtering depth
throughout the passive film. Thus, the changing law of ratio of Fe oxide to Fe (RFF) could be
employed to evaluate the thickness of passive film [37]. The lower RFF value indicated the thinner
of the passive film. And the RFF value of NR and AR steel bar immersing in different solutions

with sputtering depth are presented in Fig.10.
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Fig.10 RFF of NR and AR steel bar immersing in different solutions with sputtering depth (a)NR
steel bar (b) AR steel bar

Obviously, the RFF decreased with sputtering depth whether for NR or AR. For NR steel bars
soaped in PC, the surface RFF was 5.759, while at 12 nm depth, it decreased to be 0.317, and then,
kept stable. So, it can be speculated that the passive film could be regarded as 12 nm according to
the changing tendency. By the same way, the thickness of passive film of NR steel bars in PSH and
PSS were about 18 nm and 12 nm, individually. For AR steel bars immersed in three kinds of the
simulated solutions, the thickness of the passive film was basically the same, which was about 12

nm.
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3.3 Microstructure of passive film of steel bar

The AFM morphology for NR and AR steel bars are presented in Fig.11. All of the steel bars
were ground and polished in the same manner, resulting in the presence of stripes on the surface as
displayed in Fig. 11(a) and (b). Moreover, the height differences of the surface were about 60 nm
and 110 nm for bare NR and AR, respectively. On the other hand, for NR with 3x3 um? scanning
area, the average roughness (Ra) and root-mean-square roughness (Rq) were 6.09 nm and 7.79 nm,
respectively. For AR with 3x3 um? scanning area, R and Rq were found to be 10.5 nm and 14.3 nm,
respectively. The AFM morphology of steel bars immersing in PC, PSH and PSS for 10 days are
showed in Fig.11 (c)-(h). When steel bars are passivated in PC simulated pore solution, the original
grinding stripes still exist on the surface of steel bars, but some columnar particles can be seen in
the deep grooves of the stripes, and the size of the particles generated on the surface of AR steel
bars was much larger. In comparison, the passive films formed in PSH and PSS solutions were more
compact, which cover the surface of NR and AR and thereby the grinding stripes on the surface of

NR and AR were hidden.
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Fig.11 AFM morphology of NR and AR steel bar without passive film, (a) pure NR, (b) pure AR;
AFM morphology of NR and AR steel bar immersing in different solutions for 10 days, (c) NR in

PC, ()AR in PC, () NR in PSH, (f) AR in PSH, (g) NR in PSS, (h) AR in PSS

3.4 Molecular Dynamics

Based on the theory of molecular dynamics, the interface properties between the passive film
and the matrix Fe were studied. The surface structure model of iron adsorbed by steel passive film
in aqueous solution was established. The interaction energy of different component with Fe atoms

were characterized by mean square displacement (MSD) and the change of interface binding energy.

The compositions of passive film were divided into six types according to the XPS results in
Table 9. Correspondingly, six initial models were established in Fig.12, which were individually
named M1, M2, M3, M4, M5 and M6. Fe atom was selected as the model substrate. According to
the composition proportion of passive film, Fe, FeEOOH, FeO and Fe;O3 were arranged and adsorbed
on the Fe substrate in proportion. The initial size of each model was 17.20 x 17.20 x 72.90 A3. The

periodic boundary condition was used in the calculation process, which made the model extend
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infinitely in space. In order to simulate the effect of water environment on the passive film, 539
water molecules with a density of 0.98 g/cm? were randomly added to the upper layer of Fe atom
and passive film. A vacuum layer of 30 um was also added above the model to counteract the

interaction between the upper and lower interfaces.

The initial structure model was optimized by 500 picosecond to keep the energy difference
within 100 kcal/mol. The force calculation module was used to conduct a 20 picosecond Kinetic
relaxation process for the four initial models, so that the water molecules can fully react with the
passive film to achieve a stable structure. In the process of simulation, COMPASS force field was
selected, NVT ensemble was used, the temperature was 298 K, the cut-off distance was 12.5 A, and

the time step was 1.00 femtosecond.

20AH;0

8.56A
FeOOH/Fe/Fe,0,

6.21A Fe

20AH,0

8.56A
FeOOH/Fe/Fe,0,

6.21A Fe

Fig.12 Basic model for initial simulation (a) M1, M2, and M3 for NR, (b) M4, M5, and M6 for AR

Fig.12 illustrated the initial calculation model of water permeation environment. Water
molecules would invade the interface between the passive film and Fe atoms, resulting in the

weakening of the interaction bonding effect, which could be evaluated by the interaction energy (E;)
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of passive film and water. The lower the E; was, the stronger the binding force between water and

Fe atom base would be, which could be obtained by formula (1):
Ei=E —-E —E (1)

Where, E;was the total energy of the model, E; was the energy of passive film, E, was the

energy of water layer.
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Fig.13 Change of interaction energy (a),(b) and MSD (c),(d) of different models with time

The mean square displacement (MSD) was an important parameter of dynamic analysis, which
was the statistical mean of the particle trajectory changing with time. It can be used to evaluate the

motion characteristics of water molecules or ions. The formula was as follows.
2
MSD =<r,(t)-1,(0)| > (2)

Where, ri(t) represented the position of atom i at time t, and r; (0) represents the initial position
of atom i. The larger the MSD over time, the faster the diffusion of water molecules. MSD of water

molecule in six models was obtained after analyzing O atom’s MSD by Forcite Analysis Module.
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As shown in Fig.13 (a) and (b), the interaction energy between water and passive film was
reduced with time while the binding force was improved with time. It can be seen that the binding
force between water and passive film of M2 model in Fig.13 (a) and M6 model in Fig.13 (b)was the

strongest.

As shown in Fig.13, the diffusion rate of water molecules had an obvious rule as follows, M3 >
M1> M2, M4>M5>M6. Different components of passive film affected the adsorption strength of
water molecules, resulting in different diffusion rate of water molecules. The stronger the barrier
ability of the passive film, the slower the diffusion rate of water molecules, and the smaller the MSD
value. According to the interface interaction in Fig.13 (a) and (b), under the same conditions, the

barrier ability of passive film followed the rule of M2 >M1 > M3 and M6>M5>M4.

In the simulated pore solution of alkali- activated system (PSS / PSH), the silicate ions on the
surface of reinforcement or silica gel formed by alkali silicon reaction will form an adsorption layer
with zeolite structure [38]. While, the passive film on the steel surface in the simulated cement pore
solution presents a double layer structure [39], which is different from the composition and structure
of the passive film formed by the alkali- activated system. Combined with table 1 in this study, the
Fe content in alkali-activated simulated pore solution is higher than that in PC simulated pore
solution. Therefore, the total content of Fe oxide in model M2 and M3 is higher than that in M1,

and the content of Fe oxide in M5 and M6 is higher than that in M4.

For NR without chromium element, it can be seen from Figs.7-9 and Table 9 that FeO/FeOOH
(M2) was the main component of passive film in PSH solution, FeOOH/Fe,03 (M1) was the main
component of passive film in PC solution, FeO/Fe;Os/FeOOH (M3) was the main component of
passive film in PSS solution. Combined with Fig.11 it can be concluded that the protective
performance of passive film in PSH was the strongest, because the diffusion rate of water molecules
in it was the weakest, which meant that M2 could prevent water molecules from spreading to the
base metal surface for better protection effectively. While for PC and PSS, the diffusion rate of
water molecules was relative fast, which led to poor protection capability. And all the above results

were consistent with that of EIS.

For AR with chromium element, it can be seen from Figs.7-9 and Table 9 that besides

Cr,03/CrOOH, FeOOH/Fe.03 (M4) was the main component of passive film in PC solution,
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FeO/Fe;03/FeOOH (M5) was the main component of passive film in PSH solution, Fe,O3/FeOOH
(M6) was the main component of passive film in PSS solution. Combined with Fig.11 it can be
concluded that the protective performance of passive film in PSS was the strongest, because the
diffusion rate of water molecules in it was the weakest, which meant that M6 could prevent water
molecules from spreading to the base metal surface for better protection. While for PC and PSH,
the diffusion rate of water molecules was faster, which led to smaller protection capability. These

results were coincided with that of EIS.

4, Conclusions

The passivation of low-carbon steel bar and corrosion-resistant steel bar immersed in ordinary
Portland cement concrete, NaOH, and waterglass activated GGBS simulated pore solution were
investigated in current study via EIS methods, XPS and AFM By analysing the electrochemical
behaviour and properties of passive film of steel bar, it became evident that the passive film would
be formed in alkali active GGBS concrete, and its properties were influenced by activators. In brief,
based on the experimental results and analysis as described in this paper, main conclusions can be

drawn as follows:

(1) The corrosion current of reinforcing steel tends to be stable and passive film forms
gradually when the steel bars were immersed in the simulated pore solution of alkali-activated slag.
The formation time of passive film of NR steel bar in PC, PSH and PSS simulated pore solution
were 48 h, 4 h and 192 h, separately. The formation time of passive film of AR steel bars in PC,

PSH and PSS simulated pore solution were 48 h, 12 h and 96 h, individually.

(2) In alkali-activated slag simulated pore solution, the passive film of NR steel bar was mainly
composed of Fe and O elements. The outer layer of passive film was composed of Fe?* (FeO) and
Fe®* (Fe,03/FeOOH). The passive film of AR steel bar was mainly composed of Fe, O and Cr. The
outer layer of passive film was mainly composed of Fe?*(FeO). Fe®*(Fe.O3/FeOOH), Cr,O3 and

CrOOH.

(3) According to the evolution rule of the ratio of Fe oxides/Fe elements on the surface of steel
bars obtained by XPS technology, the thickness of passive film for NR steel bars were 12 nm, 18
nm and 12 nm in PC, PSH and PSS solutions, respectively. And the passive film thickness of AR
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steel bar in the above three simulated pore solutions was all about 12 nm.

(4) The passive films formed in PSH and PSS were more compact, and a large number of plate-
like and block structures were formed on the surface of AR steel bars. Comparing with NR steel

bars, the passive film of corrosion resistant steel bars was more compact and stable.

(5) Molecular Dynamics results indicated that MSD and Ei could be used to characterize the
protective ability of the passive film. The binding force between the passive film and Fe base was
improved with time. Different composition of passive film would result in different diffusion rate
of water molecule as well as different protective ability of the passive film. All the results obtained

from molecular dynamics in the three solutions were in accordance with those of EIS.

(6) In this work, the results are mainly based on simulated pore solution without sulfur ions,
but the actual AAM concrete pore solution contains various Kinds of sulfur ions. Moreover, the
service environment of steel bar is significantly different from that of simulated pore solution, which
may have great influence on the formation and damage process of the passive film and will be a

focus of future research.
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