
npj | materials degradation Article
Published in partnership with CSCP and USTB

https://doi.org/10.1038/s41529-024-00543-w
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In this study, the surface analysis, cross-section analysis and electrochemical analysis were used to
explore the formation mechanism of Nb contents on the passive film of high-strength anti-seismic
rebar in simulated concrete pore solution. The passivation experiments confirmed that the addition of
Nb promoted the stability and compactness of surface passive film of Nb-containing rebar, and the
passivation efficiency of Nb-containing rebar was stronger than that of CS rebar. Firstly, with the
decreases of pH, the increases of Nb promoted that the outer layer of the passive film were mainly
composedof Fe oxides and Fe oxyhydroxides, the inner layer weremainly composedof Fe oxides and
Nb oxides. Secondly, the increases of Nb were beneficial to the formation of Nb oxides, which
enhanced the passivation rate of the passive film and inhibited the degradation of Fe oxides, thus
enhancing the thickness of surface passive film of Nb-containing rebar.

High-strength anti-seismic rebar has excellent strength and good plasticity
in concrete structures and it is a widely used in the large engineering
structures (such as cross-sea bridges, suspension bridges and high-rise
buildings)1–3. Due to the formation of the passive film in the highly alkaline
concrete environment, high-strength anti-seismic rebar exhibits the excel-
lent corrosion resistance and good stability in concrete structures4–6. When
the high alkaline concrete is subjected to the carbonization or Cl− ion
erosion, the passive film on the surface of high-strength anti-seismic rebar
will be destroyed and degraded, resulting in the loss of the protective effect
on the surface of high-strength anti-seismic rebar and the destruction of
concrete structures7–10. However, from the perspective of long-term dur-
ability of high-strength anti-seismic rebar in concrete structures, how to
design the long-term corrosion resistance of high-strength anti-seismic
rebar in concrete structures has always been a research bottleneck. There-
fore, thedevelopmentof structural stability and corrosion resistanceofhigh-
strength anti-seismic rebar provides new ideas for the long-term durability
and service life of the concrete structures.

It was well known that the passivation behavior ofmicro-alloyed rebar
mainly depended on the concrete pH and the microalloying element
compositions (such as Nb, Cr, etc.), and the stability and protection of the
passive filmweremainly affected by the synergistic effect of the concrete pH
and the microalloying element compositions. In which, the microalloying
elements played an important role in the passivation process of micro-
alloyed rebar, and the corresponding oxides played a role in repairing the

passivation layer andhad a beneficial effect on the stability and compactness
of surface passive film of micro-alloyed rebar, thus directly affecting the
corrosion resistance of micro-alloyed rebar. Therefore, it was of great sig-
nificance to analyze the synergistic effect of microalloying elements and
concrete pH on the passivation layer of micro-alloyed rebar. The influence
of microalloying elements and concrete pH on the formation of surface
passive film of micro-alloyed rebar has also been reported by many
researchers. Many studies11–16 also reported that the formation mechanism
of surface passive film of micro-alloyed rebar in simulated concrete pore
solutions, and the stability and compactness of surfacepassivefilmofmicro-
alloyed rebar mainly depended on the influence of microalloying elements
and concrete pH. Firstly, in the high alkaline concrete pore solution, a
protective and stable passive film will be formed on the surface of micro-
alloyed rebar, and the outer passive film was mainly composed of Fe
hydroxyl oxides and Fe oxides, and the inner passive film was mainly
composed of Fe oxides11–13. Secondly, with the decreases of pH in simulated
concrete pore solution, the Fe oxides/Fe hydroxides in the surface passive
film of carbon steel gradually degraded, which decreased the protective
ability of carbon steel, while the surface passive film of micro-alloyed rebar
formed the high stability and protective microalloying element oxides,
which inhibited the dissolution of stable Fe oxides and enhanced the pro-
tective effect of micro-alloyed rebar14–16. Liu et al.17, Zhang et al.18, Shi et al.19

studied the passivation behavior of Crmicro-alloyed rebar and carbon steel
in simulated concrete pore solution, and the results indicated that the
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passive film of Cr micro-alloyed rebar displayed more stable than that of
carbon steel with the decreases of pH, which was attributed to the fact that
the formation of highly stable Cr oxides in the passivation layer of Crmicro-
alloyed rebar enhanced the corrosion resistance of Cr micro-alloyed rebar.
Zhang et al.20 studied the passivation performanceofCrmicro-alloyed rebar
and carbon steel in simulated concrete pore solution, and the results indi-
cated that compared with carbon steel, with the increase of Cr content from
5wt.% to 11 wt.%, the free energy required for the stable oxide thickening
were decreased from 20.12 kJ/mol to 9.25 kJ/mol, which was beneficial to
promote the rapid formation of a stable passivation film on the surface of
micro-alloyed rebar. Liu et al.21,22 studied the corrosion resistance of Cr
micro-alloyedHRB400 rebar in simulatedCa(OH)2 solution, and the results
indicated that the addition of Cr increased the content of Cr(OH)3 and α-
FeOOH in the surface passivation layer of HRB400 rebar, thus enhancing
the compactness and stability of surface passive film of Cr micro-alloyed
HRB400 rebar and inhibiting the local dissolution of the passive film. Li
et al.23 and Liu et al.24 studied the corrosion resistance of Cr/RE micro-
alloyed HRB400 rebar in simulated concrete carbonation solution con-
tainingCl− ions, and the results indicated that the synergistic effect ofCr/RE
significantly reduced the corrosion rate and passivation current density of
HRB400 rebar, which was attributed to the fact that the synergistic effect of
Cr/RE changed the structure of surface oxide film of HRB400 rebar,
resulting in a higher Fe(II)/Fe(III) ratio, thus enhancing the corrosion
resistance ofHRB400 rebar. Zou et al.25 studied the passivationperformance
of a new type of Cr micro-alloyed rebar in carbonization environment, and
the results indicated that the passive film of P-N type semiconductor
composite structure containing Cr and Fe oxides was formed on the surface
of Cr micro-alloyed rebar at pH 12.6 ~ 9.0, and the decreases of pH pro-
moted the formation of Cr oxides, thus enhancing the passivation perfor-
mance ofmicro-alloyed rebar. Zhang et al.26 studied the corrosion resistance
of Cr/Al micro-alloyed rebar in coral aggregate concrete, and the results
indicated that the chloride ion corrosion resistance of surface passive film of
Cr1 rebar, Cr/Al rebar and Cr3 rebar were increased to 37.67%, 64.08% and
171.82%, respectively, this indicated that the increases of Cr content
enhanced the corrosion resistance of surface passive film of micro-alloyed
rebar. Hussain et al.27 studied the corrosion resistance of vanadium micro-
alloyed rebar in concrete environment, and the results indicated that the
protective Fe oxides were formed on the surface of vanadiummicro-alloyed
rebar, which enhanced the corrosion resistance of vanadium micro-
alloyed rebar.

Based on the above research work, many studies mainly focus on the
influence of Cr addition on the surface passivation behavior and corrosion
resistance of micro-alloyed rebar, and the main purpose study the
mechanism of Cr element in the passivation layer of micro-alloyed rebar.
However, therewere relatively fewreports onwhether the effect ofNbon the
passivation behavior of micro-alloyed rebar in simulated concrete pore
solution was consistent with the effect of Cr element. Previous studies28–30

pointed out that the increases of Nb promoted the enrichment of a small
amount of Nb oxides (such as NbO, NbO2, Nb2O5) in the surface passive
film of alloy materials, and the formation of highly stable Nb2O5 enhanced
the stability and compactness of surface passive film of alloy materials. Liu
et al.31,32 studied the corrosion resistance ofNbmicro-alloyedHRB500 rebar
in concrete environment, and the results indicated that with the increases of
Nb content, the passivation current density and the double-layer capaci-
tance of surface passivation layer of Nb micro-alloyed HRB500 rebar
decreased significantly, this indicated that the addition of a small amount of
Nb was beneficial to promote the formation of a stable passive film, which
enhanced the corrosion resistance and protection ability of Nb micro-
alloyed HRB500 rebar. Ji et al.33 studied the effect of Nb on the stability of
surface passivefilm of Ti-Zr alloy, and the results indicated that the addition
of Nb promoted the formation of Nb oxides (NbO, NbO2, Nb2O5), which
enhanced the stability of the passive film of Ti-Zr alloy. Guan et al.34 studied
the passivation behavior of high-purity Nb-containing forged plates in
acidic fluoride solutions, and the results indicated that with the increases of
pH, the highly stable Nb2O5was formed on the surface passive film of high-

purity Nb-containing forged plates, which enhanced the passivation rate of
high-purityNb-containing forged plates. The above studiesmainly reported
some effects of Nb on the formation of surface passive film ofmicro-alloyed
rebar, but therewas a lack of research on themechanismofNb in the surface
passive film of micro-alloyed rebar. Therefore, it was necessary to further
study the effect of Nb on the passivation behavior of micro-alloyed rebar in
simulated concrete pore solution and the formation mechanism of the
passive film.

In this study, the XPS sputtering depth, AFM and TEM were used to
study the composition and structure of surface passive film of Nb-
containing rebar and CS rebar, and the electrochemical methods (such as
CV,M-S, EIS, i-t, DPP, etc.) were used to study the formation and corrosion
resistance of surface passive film of Nb-containing rebar and CS rebar, and
the corresponding passivation mechanism of Nb micro-alloyed rebar was
proposed. Therefore, the results of this study will provide a new idea for the
long-term service and durability design of high-strength anti-seismic rebar
in concrete structures.

Results
Passivation reaction peak
The cycle voltampere (CV) curve ofNb-containing rebar andCS rebar after
passivation for 10 d in SCPSwith different pH (the last cycle afterfive cycles)
were given in Fig. 1.

Figure 1a–d shows that after passivation for 10 d in SCPSwith different
pH, the CV curves of Nb-containing rebar and CS rebar showed the similar
shapes, the passivation reaction process of Nb-containing rebar and CS
rebar displayed the two anodic reaction peaks (A1 andA2) and two cathodic
reactionpeaks (C1 andC2), and the passivation reactionprocesswas divided
into three regions, namely the active region, the passivation region, and the
breakdown region12,35–37. During experiencing the forward passivation
reaction, the first anodic reaction peak (A1) appeared at the range of
−0.75 V ~−0.69 V, which indicated that the formation of Fe2+ on the
surface of Nb-containing rebar and CS rebar17,38,39 and the corresponding
reaction process was as follows.

Feþ 2OH� ! FeðOHÞ2 þ 2e� ð1Þ

When the forward potential was close to the range of
−0.51 V ~−0.41 V, the second anode peak (A2) appeared on the surface of
Nb-containing rebar and CS rebar, which indicated that the passive film
initially formed, and the Fe2+ oxides was converted to Fe3+ oxides and Fe
hydroxyl oxides40–42, and the corresponding reaction process was as follows.

3FeðOHÞ2 þ 2OH� ! Fe3O4 þ 4H2Oþ 2e� ð2Þ

3FeOþ 2OH� ! Fe3O4 þH2Oþ e� ð3Þ

Fe3O4 þ OH� ! 3FeOOHþH2Oþ e� ð4Þ

2Fe3O4 þ 2OH� ! 3Fe2O3 þH2Oþ 2e� ð5Þ

When the potential was increased to 0.65V, the current density of the
anodic reaction process gradually increased, and the oxygen absorption
control occurred in the passivation reaction process, resulting in the
breakdown of the passive film.

In the reverse reaction process, the first cathode peak (C1) was corre-
sponding to the anode peak (A2), which indicated that the reduction of Fe
oxides and Fe hydroxyl oxides40,43,44, the second cathode peak (C2) was
corresponding to the anode peak (A1), which indicated that the conversion
of Fe3+ oxides to Fe2+ oxides14,38.

Figure 1a–d shows that with the decreases of pH, the current density of
A1 peak and A2 peak significantly enhanced, and the current density of C1

peak significantly reduced, which indicated that the surface passive film of
Nb-containing rebar and CS rebar was mainly composed of Fe2O3 and
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Fe3O4. At low pH9.0, compared with CS rebar, the current density of A1

peak and A2 peak of HNb rebar increased significantly with the increases of
Nb, which indicated that the addition of Nb promoted the formation of
more Fe oxides and Fe hydroxyl oxides on the surface passive film of HNb
rebar, thus a stable passive film was formed on the surface of HNb rebar.
Figure 1a–d also shows that after passivation for 10 d in SCPSwith different
pH, the passivation regions on the surface of four rebars were almost the
same. With the decreases of pH, the passivation regions on the surface of
four rebars gradually widened, this indicated that the decreases of pH in
SCPS enhanced the passivation ofNb-containing rebar andCS rebar, which
were corresponded to the significant increases of current density of A1 peak
and A2 peak.

Semiconductor properties of passive film
The Mott-Schottky (M-S) formula was used to analyze the relationship
between the capacitance and the potential on the surface of micro-alloyed
rebar, and the M-S formula was defined as follows14,17,18,25.

For N� type semiconductors :
1

C2 ¼
2

εε0eND
E � EFB �

kT
e

� �
ð6Þ

For P� type semiconductors :
1

C2 ¼
2

εε0eNA
E � EFB �

kT
e

� �
ð7Þ

ND ¼ NA ¼ ±
2

εε0eS
ð8Þ

Where, C is the space charge capacity, E is the applied potential at the
interface of the simulated solution, ε is the dielectric constant (the dielectric
constant of Fe oxide is 1245), ε0 is the vacuum dielectric constant
(ε0 = 8.85 × 10−12F·m−1), e is the electron charge (e = 1.602 × 10−19C), ND

and NA are the donor and acceptor densities, respectively, EFB is the flat
band potential (the intercept potential of the linear part in theM-S curve), k
is the Boltzmann constant (k = 1.38 × 10−23 J·k−1), T is the absolute
temperature, S is the slope of the linear part in the M-S curve (when the
slope of the linear part of theM-S curvewas positive, the surface passivefilm
of micro-alloyed rebar presents the N-type semiconductor; when the slope
was negative, the surface passive film of micro-alloyed rebar presents the
P-type semiconductor). The M-S curve of Nb-containing rebar and CS
rebar after passivation for 10 d in SCPS with different pH were given in
Fig. 2.

It can be seen from Fig. 2 that after passivation for 10 d in SCPS with
different pH, compared with CS rebar, the M-S curve shape of surface
passivefilm ofNb-containing rebar showed theN-type semiconductorwith
positive slope (I region) and the P-type semiconductor with negative slope
(II region). Previous studies18,46,47 reported that the semiconductor proper-
ties of surface passive film of micro-alloyed rebar were related to their
composition and structure, which believed that the microalloying element
oxides (such asNb,Cr, etc.) exhibited theP-type semiconductors, and theFe
oxides exhibited the N-type semiconductors. Figure 2 also shows that the
surface passive film of CS rebar mainly contained the Fe oxides, which
presented the N-type semiconductors, while the surface passive film of Nb-
containing rebarmainly contained themicroalloying element oxides and Fe
oxides, which presented the P-N type semiconductors.

The M-S curve in Fig. 2 was fitted using Eqs. (6) and (7), and the flat
band potential and carrier density of surface passive film of Nb-containing
rebar andCS rebar after passivation for 10 d in SCPSwith different pHwere
given in Table 1.

Table 1 shows that with the decreases of pH, the flat band potential of
surface passive film of Nb-containing rebar and CS rebar shifted positively,
which indicated that the Fermi level of surface passivefilmofNb-containing
rebar and CS rebar increased, and the phase activity of surface passive film

Fig. 1 | CV curve of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with different pH. a pH13.2. b pH12.5. c pH10.5. d pH9.0.
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increased, resulting in the gradual dissolution of Fe oxides. Previous
studies46–48 also showed that the conductive resistance of surface passivefilm
of micro-alloyed rebar depended on the carrier density on the surface of
film. Table 1 also shows that comparedwithCS rebar, theND andNA values
of surface passive film of Nb-containing rebar decreased significantly with
the decreases of pH, and theND andNA values of surface passivefilm ofNb-
containing rebar at pH13.2 were about 2 ~ 3 times higher than those at
pH9.0, and the ND andNA values of surface passive film of HNb rebar were
lower. This indicated that at low pH9.0, with the increases of Nb, the con-
ductive resistance of surface passive film of HNb rebar was stronger,
resulting in the stronger protection and corrosion resistance of HNb rebar.

According to the “PDM” theory49, the surface passive film of alloy steel
was mainly composed of metal oxides, these oxides existed some point
defects, resulting in the semiconductor behavior of surface passive film of
alloy steel. Table 1 shows that comparedwithCS rebar, with the decreases of
pH, the increases ofNb led to a significant decrease in theND andNA values
of surface passive film of Nb-containing rebar. Combined with the E-pH
diagram in Fig. 3, the Fe oxides in the passivation layer of CS rebar were
mainly stable under the conditions of high pH, while the low-valence Nb
oxides (NbO and NbO2) in the passivation layer of Nb-containing rebar
displayed the existence under the conditions of pH9.0 ~ pH13.2, and the

high-valence Nb oxides (Nb2O5) displayed the existence under the condi-
tions of pH9.0 ~ pH10.5. This indicated that the addition of Nb was bene-
ficial to promote the formation of stable Nb oxides under the conditions of
low pH, which confirmed that the formation of Nb oxides inhibited the
dissolution of protective Fe oxides, so that the metal cation vacancies of
surface passive film of Nb-containing rebar continuously reduced, resulting
in a close contact between the passive film and the rebar substrate, thus
promoting the stable growth of the passivefilm. Therefore, at lowpH9.0, the
ND value of surface passive film of CS rebarwas three times higher than that
of HNb rebar, which indicated that the surface of HNb rebar had the lowest
metal cation vacancies and the most stable passive film, resulting in higher
corrosion resistance of HNb rebar.

Corrosion resistance of passive film
The EIS results of surface passive film of Nb-containing rebar and CS rebar
after passivation for 10 d in SCPS with different pH were given in Fig. 4.
Figure 4a, d, g, j shows that the radius of the capacitive arc curve of CS rebar
decreased with the decreases of pH, which indicated that the passivation of
CS rebar significantly decreased, while the radius of the capacitive arc curve
of Nb-containing rebar increased with the decreases of pH, which indicated
that the corrosion resistance of surface passive film of Nb-containing rebar

Fig. 2 | M-S curve of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with different pH. a pH13.2. b pH12.5. c pH10.5. d pH9.0.

Table 1 | M-S parameters of surface passive film of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with
different pH

Rebar ND (1020 × cm−3) NA (1019 × cm−3) EFB (V)

pH 13.2 pH 12.5 pH 10.5 pH 9.0 pH 13.2 pH 12.5 pH 10.5 pH 9.0 pH 13.2 pH 12.5 pH 10.5 pH 9.0

CS 19.67 15.68 14.69 8.39 - - - - −0.69 −0.39 −0.34 −0.31

LNb 18.26 9.05 7.26 3.66 41.46 23.91 15.26 8.05 −0.65 −0.28 −0.23 −0.22

MNb 15.07 7.40 5.26 3.09 40.85 17.83 13.37 7.44 −0.61 −0.24 −0.15 −0.14

HNb 11.35 5.42 4.73 2.84 22.98 14.32 12.56 7.35 −0.58 −0.21 −0.12 −0.11
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gradually enhanced. Previous studies14,19,21 also reported that the larger the
capacitive arc radius of micro-alloyed rebar, the better the stability and
compactness of the passive film. Figure 4a, d, g, j also illustrates that at low
pH9.0, compared with CS rebar, with the increases of Nb, the capacitive arc
radius of Nb-containing rebar showed the higher superiority, and the
capacitive arc radius ofHNb rebar showed the higher value,which indicated
that the surface passive film of HNb rebar showed the higher compactness.

Figure 4b, e, h, k shows that with the decreases of pH, the impedance
modulus of CS rebar gradually decreased, while the impedance modulus of
Nb-containing rebar gradually increased,which indicated that the corrosion
resistance of surface passive film of Nb-containing rebar enhanced. At low
pH9.0, compared with CS rebar, with the increases of Nb, the impedance
modulus of LNb rebar, MNb rebar, HNb rebar were reached to 28.48 × 104

Ω·cm2, 37.68 × 104Ω·cm2, 47.23 × 104Ω·cm2, respectively, whichwas higher
value than the results reported in previous studies12,19,50, this indicated that
the HNb rebar exhibited the higher impedance modulus, which was
attributed to the fact that the increases of Nb promoted the formation of
dense passive film of HNb rebar, thus enhancing the corrosion resistance of
HNb rebar.

Figure 4c, f, i, l shows that with the decreases of pH, the maximum
phase angle of CS rebar gradually decreased, while the maximum phase
angle of Nb-containing rebar gradually increased, which indicated that the
stability of surface passive film of Nb-containing rebar was better. Previous
studies21,24,25 also reported that the smaller the maximum phase angle of
surface passive film of micro-alloyed rebar, the lower the flatness of the
passivefilm, the rougher the passivefilm, and theworse the protectionof the
passive film. At low pH9.0, compared with CS rebar, with the increases of
Nb, the maximum phase angle of surface passive film of Nb-containing
rebar showed the best superiority, and the surface passive film ofHNb rebar
had the excellent maximum phase angle, which indicated that the surface
passive film of HNb rebar had the better protection.

It can be seen from Fig. 4 that after passivation for 10 d in SCPS with
different pH, the maximum phase angles of four rebars showed a certain
width, and this width gradually widened with the increases of Nb content,
this indicated that the surface passive film of four rebars had a double-layer
structure and showed a double-layer capacitance characteristic. Therefore,
two constant phase elements were used to fit and analyze the double-layer
capacitance characteristics of surface passive film of four rebars, which was
consistent with the previous research19,21,24,25. The equivalent circuit in Fig. 5
was used to fit the EIS data in Fig. 4, and the equivalent circuit were given in
Fig. 5.

In Fig. 5, Rs is the resistance of the simulated concrete pore solution, Rf

is the resistance of surface passivefilm ofNb-containing rebar andCS rebar,
Rct is the charge transfer resistance, CPE1 is the constant phase angle ele-
ment for the double-layer capacitance at the interface between the passive

film and the simulated solution, CPE2 is the constant phase angle element
for thedouble-layer capacitance at the interface between thepassivefilmand
the rebarmatrix.When the surface passive film of Nb-containing rebar and
CS rebar was a layer of uneven surface, the constant phase element CPEwas
a non-ideal capacitive behavior. The impedance value ZCPE of the constant
phase element CPE were defined as follows14,19,24.

ZCPE ¼ 1

Y0 jw
� �n ð9Þ

Where, Y0 is the basic admittance; n is the fitting index (0 < n < 1); j is the
imaginary unit; w is the angular frequency. Relevant research51–53 showed
that the constant phase element CPE were converted into the effective
capacitance (C1) of the interface between the passive film and the simulated
solution and the effective capacitance (C2) of the interface charge transfer
between the passivefilm and the rebarmatrix byBrug formula,Hsu formula
and Mansfeld formula, and the calculation formulas of the effective capa-
citances C1 and C2 were as follows.

C1 ¼ CPE
1
n1
1 R

1�n1
n1
f

ð10Þ

C2 ¼ CPE
1
n2
2

1
RS

þ 1
Rct

� �n2�1
n2 ð11Þ

The effective capacitance values C1 and C2 of Nb-containing rebar and
CS rebar were calculated using Eqs. (10) and (11), and the best fitting values
and effective capacitance values were given in Table 2.

Table 2 shows that after passivation for 10 d in SCPSwith different pH,
the χ2 values of surface passivefilmofNb-containing rebar andCS rebarwas
less than 10−3, this indicated that the fitting degree of EIS data was better.
ComparedwithCS rebar,with thedecreases of pH, theRf value andRct value
of surface passive film of Nb-containing rebar increased significantly, and
the effective capacitances C1 value and C2 value decreased significantly,
which indicated that the decreases of pH promoted the stability and com-
pactness of surface passive film of Nb-containing rebar, thus enhancing the
corrosion resistance of Nb-containing rebar. At low pH9.0, with the
increases ofNb, theRf value andRct value of surface passivationfilmofHNb
rebar were three times higher than that of CS rebar, and the C1 value andC2

value were reduced by 3.5 times, which indicated that the increases of Nb
promoted the smoothness and stability of surface passivefilmofHNb rebar,
hindered the corrosion electrochemical reaction, and enhanced the pro-
tection performance of the passive film. Previous studies24,25 also reported
that the decreases of pH and the additions of microalloying elements (such
as Cr, Nb, etc.) promoted the thickening and stability of surface passive film

Fig. 3 | E-pH diagram of passivation process of Nb-containing rebar and CS rebar. a Fe-H2O, 298.15 K. b Nb-H2O, 298.15 K. The blue dotted line frame was the phase
composition region in the passivation process of pH13.2 ~ pH9.0.
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ofmicro-alloyed rebar andobtained the excellentRf value andRct value, thus
enhancing the corrosion resistance of micro-alloyed rebar.

The dynamic potential polarization (DPP) curve of Nb-containing
rebar and CS rebar and the fitting value of DPP curve after passivation for
10 d in SCPS with different pH values were given in Fig. 6.

Figure 6 shows that after passivation for 10 d in SCPSwith different pH,
the DPP curve of Nb-containing rebar and CS rebar showed the similar
shapes, and the DPP curve was mainly divided into cathodic polarization
zone, anodic polarization zone, passivation zone and pitting zone. In Fig. 6,
Ecorrwas the corrosionpotential, icorrwas the corrosion currentdensity, ipwas
the passivation current density, and Ep was the pitting potential. Figure 6

Fig. 4 | EIS curve of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with different pH. a–c pH13.2. d–f pH12.5. g–i pH10.5. j–l pH9.0.
(a, d, g, j Nyquist. b, e, h, k Bode. c, f, i, l Phase).

Fig. 5 | Equivalent circuit.
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shows that with the decreases of pH, the Ecorr value of surface passive film of
Nb-containing rebar and CS rebar was obviously positive, and the icorr value
greatly reduced, which indicated that the surface of Nb-containing rebar and
CS rebar reached a stable passivation state, which greatly improved the
corrosion resistance of Nb-containing rebar and CS rebar.

Previous studies12,14,19,23–25 also reported that the anodic dissolution
process on the surface of micro-alloyed rebar was mainly controlled by Fe
dissolution, and the cathodic reaction process was mainly controlled by
diffusion of dissolved oxygen. During the initial passivation reaction, a large
amount of Fematrixwasdissolved to formFe2+, whichpromoted the anodic
dissolution process. With the progress of the reaction process, Fe2+ was
further transformed into the initial product Fe hydroxides and Fe hydroxyl
oxides. Under the action of dissolved oxygen, the initial product was further
transformed into stable Fe oxides, which inhibited the anodic dissolution
andpromoted the formationof theprotective passivationfilmon the surface
of micro-alloyed rebar, resulting in the positive shift of Ecorr value and the
decrease of icorr value, this indicated that the corrosion resistance of micro-
alloyed rebar gradually increased. At low pH9.0, compared with CS rebar,
with the increases of Nb, the Ecorr value of HNb rebar was reached to
−0.127 V, and the icorr value was decreased to 2.008 × 10−8A·cm−2. This
indicated that the increases of Nb made HNb rebar to obtain the excellent
Ecorr value and icorr value, which enhanced the corrosion resistance of
HNb rebar.

Previous studies23–25,54,55 also reported that the lower the passiva-
tion current density of micro-alloyed rebar, the smaller the conduction
rate ofmetal cations in the passive film, and the greater the resistance of
the passive film. Figure 6 also shows that compared with CS rebar, with
the decreases of pH, the ip value of surface passive film of Nb-
containing rebar decreased significantly, and the Ep value increased
significantly, which indicated that the decreases of pH and the
increases of Nb promoted the formation of a stable and dense passive
film on the surface of Nb-containing rebar, and the resistance of the
passive film was large, which greatly improved the corrosion resistance
of Nb-containing rebar. At low pH9.0, the passivation current density
of surface passive film ofHNb rebar was about 2.5 times lower than that
of CS rebar, and the pitting potential was increased by 0.2 V. This
indicated that the addition of Nb made the surface passive film of HNb
rebar to display the stronger film resistance and hinder the occurrence
of anodic dissolution and pitting corrosion, thus enhancing the higher
compactness of surface passive film of HNb rebar.

Formation process of passive film
The chronoamperometric current density curve (i-t curve) of surface pas-
sive film of Nb-containing rebar and CS rebar after passivation for 10 d in
SCPS with different pH values were given in Fig. 7.

It can be seen from Fig. 7 that after passivation for 10 d in SCPS with
different pH, the current density of surface passive film of Nb-containing
rebar andCS rebar presentedbasically the same trendwith time,namely, the
initial current density on the surface of Nb-containing rebar and CS rebar
rapidly decayed to a stable passivation current density, which indicated that
the surface passive film of Nb-containing rebar and CS rebar has been
basically formed.When the constant potential was 200mV, after the timing
time reached 200 s, the passivation current density on the surface of four
rebars remained basically stable, and with the decreases of pH, the stable
passivation current density of CS rebar were decreased from
2.00 × 10−7A·cm−2 to 1.27 × 10−7A·cm−2, the stable passivation current
density of LNb rebar were decreased from 1.98 × 10−7A·cm−2 to
1.23 × 10−7A·cm−2, the stable passivation current density of MNb rebar
were decreased from 1.55 × 10−7A·cm−2 to 1.22 × 10−7A·cm−2, and the
stable passivation current density of HNb rebar were decreased from
1.49 × 10−7A·cm−2 to 1.21 × 10−7A·cm−2. This showed that compared with
CS rebar, the stable passivation current density of Nb-containing rebar
significantly decreased, resulting in the metal cation on the surface of Nb-
containing rebar were decreased from the rebar/film interface to the film/
simulated solution interface, and the electrochemical reaction resistancewasT
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high, thus the surface passive film of Nb-containing rebar exhibited the
higher passivation. At low pH9.0, the passivation current density of surface
passive film of HNb rebar decayed more than that of CS rebar, which
indicated that the surface passive film of HNb rebar showed the higher
passivation.

After passivation for 10 d in SCPS with different pH, the formation
conditions of surface passive film of Nb-containing rebar and CS rebar
mainly included two reaction processes, the one was the anodic dissolution
process, the second was the formation process of the passive film. Burstein
et al.56 and Lawless57 pointed out that the total current of metal surface was
used to promote the formation of the passive film, and the relationship
between the current i(t) and the flux q(t) during the formation of surface
passive film of metal was derived by Faraday’s law as follows.

lgiðtÞ ¼ lgAþ cBV
qðtÞ ð12Þ

Where, i(t) is the total current of metal surface, q(t) is the total electric
quantity of metal surface, A and B are the related constants of the activation
energyof themigrating ions in thefilm, c is the correlation constant ofmetal,
V is the potential drop through the film. The electric quantity q(t) was
obtained by integrating the current i(t) with time t.

q tð Þ ¼
Z t

0
iðtÞdt ð13Þ

In the Eq. (12), there is a linear relationship between lgi(t) and q(t), and
the slope is K = cBV. Related literature11,18,58 pointed out that the K value
represented the passivation rate, the smaller the K value, the faster the
passivation rate.The i-t curvewas transformed into the lgi(t)-1/q(t) curve by
Eqs. (12) and (13), and the results were given in Fig. 7. According to the
variation characteristics of lgi(t)-1/q(t) curve, the lgi(t)-1/q(t) curve was
divided into three different stages.

Fig. 6 | DPP curve of Nb-containing rebar and CS rebar and fitting value of DPP curve after passivation for 10 d in SCPS with different pH. a pH13.2. b pH12.5.
c pH10.5. d pH9.0. The green dotted line frame was the passivation region.
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The anodic dissolution process control stage (I). In the initial stage, the
anodic dissolution rate of Nb-containing rebar and CS rebar was large, and
the required time was short (0 ~ 50 s), and there was no obvious linear
relationship between lgi(t)-1/q(t) curve in this stage. Due to the passive film
did not form on the surface of Nb-containing rebar and CS rebar, the
transmission rate of Fe2+ ions and the diffusion rate of dissolved oxygen
were accelerated, and the current value on the surface of Nb-containing
rebar and CS rebar reached the maximum. In the control stage of anodic
dissolution,with the decreases of pH, the current value on the surface ofNb-
containing rebar andCSrebar showed adecreasing trend, this indicated that
the dissolution trend of rebar matrix decreased, which was attributed to the
fact that the decreases of pH led to the decrease of Fe2+ concentration, and
the initial passive film was difficult to form on the surface of Nb-containing
rebar and CS rebar.

The formation and growth stage of the passive film (II). As the passi-
vation reaction proceeded, the initial passive filmwas formed on the surface

of Nb-containing rebar and CS rebar, which hindered the further trans-
mission of Fe2+ to SCPS, resulting in a rapid attenuation of the current value
flowing through the surface of Nb-containing rebar and CS rebar to a
minimum and a stable passivation current. The lgi(t)-1/q(t) curve of this
stage showed a linear relationship, which indicated that the surface passive
film of Nb-containing rebar and CS rebar gradually formed. At 50 s ~ 300 s,
when the constant potential was 200mV, with the decreases of pH, com-
pared with CS rebar, the slope of the linear part of lgi(t)-1/q(t) curve of
surface passive film of HNb rebar were increased from 5.96mC·cm−2 to
8.79mC·cm−2, which meant that the decreases of pH led to the decrease of
the passivation rate on the surface of HNb rebar, this indicated that the
formation of surface passive film of HNb rebar reached the saturation, thus
hindering the transmission of ions.

The stable stage of the passive film (III). In the later stage, the
current value of surface passive film of Nb-containing rebar and CS
rebar was reduced to the lowest value, and the lgi(t)-1/q(t) curve at

Fig. 7 | i-t curve and lgi(t)-1/q(t) curve of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with different pH (the constant potential was 200 mV).
a, d, g, j i-t curve. c, f, i, l lgi(t)-1/q(t) curve. b, e, h, k was the enlarged drawing of blue dotted line frame in (a, d, g, j).
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this stage deviated from the linear relationship, this indicated that the
surface passive film of Nb-containing rebar and CS rebar increased
slowly at the lowest passivation rate, and the thickness of surface
passive film of Nb-containing rebar and CS rebar reached a stable
value. At low pH, the thickness of surface passive film of HNb rebar
was more stable than that of CS rebar (the constant potential was
200 mV), this indicated that a stable passive film was formed on the
surface of HNb rebar under the action of low pH9.0.

Phase composition of passive film
The XPS sputtering depth results of surface passive films of HNb rebar and
CS rebar after passivation for 10 d in SCPS with pH13.2 and pH9.0 were
given in Fig. 8, the binding energy position and band width of each element
(Nb element, Fe element, O element) in the surface passive film of HNb
rebar andCS rebar were given in Table 3, and the semi-quantitative analysis
of XPS sputtering depth were given in Fig. 9.

It can be seen from Fig. 8a, f, d, i combined with Table 3 that the Fe2p
spectra of surface passive films of HNb rebar and CS rebar at different
sputtering depths were divided into Fe0 (the binding energy was
706.73 eV18,36,59,60), Fe2+ (the binding energy was 708.13 eV12–14,22,24,25,54,59,60),
Fe3+ (the binding energy was 710.88 eV12–14,24,25,59,60), FeOOH (the binding
energy was 713.68 eV24,25,54,59,60). It can be seen from Fig. 8b, g, e, j combined
with Table 3 that the O1s spectrum were divided into O2− (the binding
energy was 530.33 eV12–14,20,25,59,60), OH− (the binding energy was
531.38 eV20,22,24,25,59,60), H2O (the binding energy was
532.53 eV12–14,24,25,54,59,60). Combined with the semi-quantitative results in
Fig. 9a–d, with the increases of sputtering depth, compared with CS rebar,
the Fe3+/Fe2+, Fe3+/(Fe2++FeOOH), O2−/OH− in the surface passive film of
HNb rebar at pH13.2were reached to 0.91, 0.69, 0.83, respectively, while the
Fe3+/Fe2+, Fe3+/(Fe2++FeOOH), O2−/OH− in the surface passive film of
HNb rebar at pH9.0 were reached to 1.08, 0.88, 0.99, respectively. This
indicated that the decreases of pH slowly reduced the degradation of Fe3+ in
the surface passivefilmofHNbrebar, so that the surfacepassivefilmofHNb
rebar presented a double-layer structure, and the inner layer was mainly
composed of stable Fe3+ oxides (such as Fe2O3, Fe3O4, etc.), while the outer

layer was mainly composed of Fe2+ oxides (such as FeO, Fe(OH)2, etc.) and
hydroxyl oxides (such as FeOOH, etc.).

According to the standardGibbs free energy theory ofmetal oxides61–63,
the formation standardGibbs free energy ofNbO,NbO2,Nb2O5 at 298.15 K
were −391.490 kJ·mol−1, −740.923 kJ·mol−1, −1764.585 kJ·mol−1, respec-
tively, and thehigher the valence ofNboxides, themore stable the formation
of Nb oxides. It can be seen from Fig. 8c, h combined with Table 3 that at
different sputtering depths, only NbO (the binding energy was
204.38 eV28–33) and NbO2 (the binding energy was 205.23 eV28–33) were
detected in the Nb3d spectrum of surface passive film of HNb rebar at
pH13.2, while the NbO (the binding energy was 204.38 eV28–33), NbO2 (the
binding energy was 205.23 eV28–33) and Nb2O5 (the binding energy was
206.63 eV28–33)were detected in theNb3d spectrumof surface passivefilmof
HNb rebar at pH9.0, this indicated that the decreases of pH promoted the
formation ofmore stableNboxides in the surface passivefilmofHNb rebar.
Combinedwith the semi-quantitative results in Fig. 9b, d, with the increases
of sputtering depth, NbO2/NbO in the surface passive film of HNb rebar
were reached to 0.85 at pH 13.2, while NbO2/NbO and Nb2O5/
(NbO2+NbO) in the surface passive film ofHNb rebarwere reached to 1.05
and 0.97 at pH 9.0, respectively, this indicated that the decreases of pH
promoted the formation of more Nb oxides in the inner layer of the surface
passive film of HNb rebar, which inhibited the selective dissolution of Fe
oxides and promoted the compactness and stability of the inner layer of
surface passive film of HNb rebar.

Surface morphology of passive film
The AFM morphology of surface passive film of Nb-containing rebar and
CS rebar after passivation for 10 d in SCPS with different pH were given in
Fig. 10. Figure 10 shows that after passivation for 10 d in SCPSwith different
pH, the surface of Nb-containing rebar and CS rebar was covered with a
layer of nano-particles, and there was a certain roughness on the surface of
Nb-containing rebar andCS rebar, this indicated that apassivefilmhas been
formedon the surface ofNb-containing rebar andCS rebar.At highpH13.2,
a small amount of nano-particlesweredistributedon the surfaceofCS rebar,
there were some large particles and bulges, and the surface roughness were

Fig. 8 | XPS sputtering depth of surface passive film of HNb rebar and CS rebar after passivation for 10 d in SCPS with pH13.2 and pH9.0. a–e pH13.2. f–j pH9.0.
a–c, f–h HNb rebar. d, e, i, j CS rebar. a, f, d, i Fe2p. b, g, e, j O1s. c, h Nb3d.
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reached to 15.32 nm. While some dense nano-sized particles were dis-
tributed on the surface of Nb-containing rebar, and the surface roughness
weredecreased from13.55 nmto9.42 nm.The above results indicated that a
passivefilmcontaining loose largerparticleswas formedon the surfaceofCS
rebar, while a passivefilm containingdense andfineparticleswas formedon
the surface of Nb-containing rebar.

With the decreases of pH, compared with CS rebar, the surface of Nb-
containing rebar was distributed with fine and dense nano-sized particles,
the surface passivefilmwas smooth andflat, and the surface roughnesswere
significantly reduced from 11.67 nm to 5.23 nm, this indicated that the

decreases of pH promoted the formation of a dense passive film on the
surface of Nb-containing rebar, thus enhancing the corrosion resistance of
Nb-containing rebar, which was consistent with the results of EIS, CPP, i-t.
Previous studies14,50,54,64 pointed out that with the decreases of pH, the fine
and dense oxide particles were distributed on the surface of micro-alloyed
steel, and these oxide particles promoted the formation of dense passivefilm
and improved the stability of the passive film. At low pH9.0, with the
increases of Nb, the roughness of surface passive film of HNb rebar was
about 2 times lower than that of CS rebar, and the surface of HNb rebar was
covered with a layer of dense and fine nano-sized particles, this indicated
that the surface passive film of HNb rebar has been reached the stable
and dense.

Structure of passive film
The cross-section TEM morphology of surface passive film of Nb-
containing rebar and CS rebar after passivation for 10 d in SCPS with
different pHwere given in Fig. 11, and the cross-section phase composition
and selected area electron diffraction (SAED) images of surface passive film
ofNb-containing rebar andCS rebar after passivation for 10 d in SCPSwith
pH13.2 and pH9.0 were given in Fig. 12.

Figure 11 shows that after passivation for 10 d in SCPS with different
pH, therewas anano-scale passivation layer between the rebar substrate and
the Pt binder, and the distribution of the passive film was uneven and strip-
shaped, this was attributed to the fact that the formation process of the
passive filmmainly depended on themorphology and structure of the rebar
surface, and the thickness of the passive film at different positions was
inconsistent. Figure 11 also shows that the thickness of surface passive film
of Nb-containing rebar and CS rebar was approximately within 10 nm after
passivation for 10 d in SCPS with different pH, which was consistent with
the previous results64,65. With the decreases of pH, the thickness of surface
passive film of CS rebar were increased from 1.32 nm to 2.14 nm, the
thickness of surface passive film of LNb rebar were increased from 2.15 nm
to 4.42 nm, the thickness of surface passive film of MNb rebar were
increased from3.24 nm to 5.02 nm, and the thickness of surface passivefilm
of HNb rebar were increased from 4.28 nm to 7.11 nm. Compared with CS
rebar, the decreases of pH and the increases of Nb promoted the significant
thickening of surface passive film of Nb-containing rebar. At low pH9.0,
with the increases of Nb, the thickness of surface passive film of HNb rebar
was about 3.5 times that ofCS rebar,which indicated that the increasesofNb
promoted the thickening of surface passive film of HNb rebar, thus
enhancing the stability and compactness of surface passive film of
HNb rebar.

TheEDS inFig. 12a–d shows that at highpH13.2,with the change from
theouter layer to the inner layer in thepassivefilm, the content of Fe element
slowly increased and the content ofO element slowly decreased, resulting in
the higher Fe/O ratio in the inner layer and the lower Fe/O ratio in the outer
layer. At low pH 9.0, with the change from the outer layer to the inner layer
in the passive film, the content of Fe element slowly decreased and the
content ofOelement slowly increased, resulting in thedecrease of Fe/O ratio
in the inner layer and the increase of Fe/O ratio in the outer layer. The above
results indicated that thedecreases of pHpromoted thedistributionof stable
Fe oxides in the inner layer of the passive film, and the outer layer were
mainly distributedwith Fe oxides andFehydroxyl oxides, this indicated that
the inner layer of surface passive film of the rebarweremore stable than that
the outer layer. Compared with CS rebar, with the decreases of pH and the
increases of Nb, the distribution of Nb in the inner layer of surface passive
film of Nb-containing rebar was more obvious than that in the outer layer,
which indicated that at low pH9.0, the enrichment of Nb promoted the
distribution ofmore stableNb oxides on the surface ofNb-containing rebar,
thus inhibiting the dissolution of Fe oxides and improving the stability of
surface passive film of Nb-containing rebar.

It can be seen from Fig. 12a–d that FFT-1 and FFT-2 were the SAED
images of the rebarmatrix near the passive film and the SAED images of the
passive film, respectively. The SAED images of the rebar matrix showed a
point arrangement in a certain direction, the crystal structure was the body-

Table 3 | Binding energy position and band width of each
element (Nb element, Fe element, O element) in the surface
passive film of HNb rebar and CS rebar after passivation for
10 d in SCPS with pH13.2 and pH9.0

pH Rebar Element Valence Binding energy
position (eV)

Band
width (eV)

13.2 CS Fe Fe0 706.7218,36,59,60 0.96

Fe2+ 708.44,
728.8112–14,22,24,25,59,60

3.36, 3.36

Fe3+ 711.19, 719.9912–14,24,25,59,60 3.36, 3.36

FeOOH 723.7724,25,54,59,60 3.36

O O2- 529.9712–14,20,25,59,60 1.15

OH- 531.1820,22,24,25,59,60 2.11

H2O 531.7612–14,24,25,59,60 2.90

HNb Fe Fe0 706.8818,36,59,60 1.43

Fe2+ 709.87,
726.5912–14,22,24,25,59,60

3.36, 3.36

Fe3+ 713.17, 719.89,
729.9112–14,24,25,59,60

2.93,
3.08, 3.36

FeOOH 723.9124,25,54,59,60 3.36

O O2- 530.1712–14,20,25,59,60 1.12

OH- 530.8020,22,24,25,59,60 1.97

H2O 532.1712–14,24,25,59,60 2.16

Nb NbO 204.3528–33 1.27

NbO2 205.2228–33 1.29

Nb5O2 - -

9.0 CS Fe Fe0 706.6518,36,59,60 0.89

Fe2+ 707.77,
727.2712–14,22,24,25,59,60

2.49, 3.36

Fe3+ 710.08, 720.01,
732.2612–14,24,25,59,60

2.16,
3.29, 3.36

FeOOH 713.12, 724.0424,25,54,59,60 3.36, 3.36

O O2- 530.3312–14,20,25,59,60 1.52

OH- 531.4420,22,24,25,59,60 1.00

H2O 532.1712–14,24,25,59,60 1.20

HNb Fe Fe0 706.6318,36,59,60 0.86

Fe2+ 707.71,
728.2812–14,22,24,25,59,60

2.46, 3.36

Fe3+ 711.20, 719.87,
732.9312–14,24,25,59,60

2.70,
3.10, 3.36

FeOOH 712.96, 724.9524,25,54,59,60 3.36, 3.36

O O2- 530.0612–14,20,25,59,60 1.22

OH- 531.3820,22,24,25,59,60 1.86

H2O 531.9712–14,24,25,59,60 3.20

Nb NbO 204.3728–33 1.70

NbO2 205.2428–33 1.53

Nb5O2 206.6528–33 1.21
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centered cubic, and the crystal plane spacing was 0.2 nm, this indicated that
the rebar matrix was a complete crystal structure. For the SAED images of
the passive film, the surface passive film of the rebar presented the multiple
crystal orientations, the crystal structure showed a cubic crystal system, and
the crystal plane spacing was 0.24 nm, this indicated that the passive film
was a polycrystalline structure of Fe oxides.

At low pH9.0, comparedwith CS rebar, with the increases of Nb, the
surface passive film of Nb-containing rebar also presented another
polycrystalline oxide, the crystal structure was also cubic crystal system,
and the crystal plane spacing was 0.22 nm, this indicated that this
polycrystalline oxide was Nb oxides, which were mainly distributed in
the inner layer of the passive film, whichwas consistent with the previous
results28–33. The surface passive film of Nb-containing rebar was mainly
divided into two layers. The outer layer (I) was mainly composed of
polycrystalline Fe oxides, and the inner layer (II) was mainly composed
of polycrystalline Fe oxides and Nb oxides. With the increases of Nb, the
inner layer of surface passive film of Nb-containing rebar gradually
thickened. At low pH9.0, compared with CS rebar, the increases of Nb
promoted the formation ofmore polycrystalline Fe oxides andNb oxides
on the surface of HNb rebar, thus enhancing the stability of surface
passive film of HNb rebar.

Discussion
In simulated concrete pore solution, a protective passivefilmwas formed on
the surface ofmicro-alloyed rebar, and the structure and composition of the
passive film had an important influence on the corrosion resistance of
micro-alloyed rebar4–6,11–15. With the change of pH in simulated concrete
pore solution, the surface passive film of micro-alloyed rebar changed sig-
nificantly, and the composition of the passive film may be affected by the
composition of microalloying elements and solution components. Previous

studies11–14,17,18,23–25 indicated that the microalloying elements (such as Nb,
Cr, etc.) were beneficial to promote the formation of surface passive film of
micro-alloyed rebar in simulated concrete pore solutions. Therefore, it is
necessary to study the formation process of surface passive film of micro-
alloyed rebar.

According to the i-t curve and lgi(t)-1/q(t) curve analysis of surface
passive film of Nb-containing rebar and CS rebar after passivation for 10 d
in SCPS with different pH, the contribution current required for the for-
mation of surface passive film of Nb-containing rebar and CS rebar was
mainly divided into the current value of the anodic dissolution stage (idiss)
and the current value of the passive film formation (ifilm). Therefore, Beck
et al.66, Xu et al.58 and Buhl et al.67 pointed out that the total current of the
formation process of the passive film on the surface of metal materials was
composed of idiss and ifilm.

itotal ¼ idiss þ ifilm ¼ ibare 1� θð Þ þ θAt�b ð14Þ

Where, ibare is the current value flowing through the metal surface, which is
themaximum current value (imax) of the i-t curve, A is the constant, b is the
empirical value, and Ɵ is the coverage coefficient. The Ɵ value was
calculated by Avrami phase transition kinetic equation68.

θ ¼ 1� exp �ktnð Þ ð15Þ

Where, k is the related constant of the oxide nucleation rate, n is the
morphology index, which is related to the formation dimension of the
oxide film, and the value of n is an integer between 1/2 and 7/2. Buhl
et al.67 assumed that after the formation of surface passive film of metal,
the passive film preferentially spread to the two-dimensional plane, and
the entire metal surface was covered by the passive film layer, and the

Fig. 9 | Semi-quantitative analysis. a, b pH13.2. c, d pH9.0. a, c CS rebar. b, d HNb rebar.
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passive film gradually thickened in the thickness direction, thus the value
of n in the Eq. (15) was 1. The total current required for the formation of
surface passive film ofNb-containing rebar and CS rebar was obtained by
substituting Eq. (15) into Eq. (14).

i ¼ ibareexp �ktð Þ þ 1� exp �ktð Þ� �
At�b ð16Þ

The Eq. (16) was used to fit the i-t curve in Fig. 7. In order to improve
the fitting accuracy, the i-t curve of 0 ~ 100 s was selected for fitting, and the
bestfittingparameters k,A, bwasobtained.Thevariationof idiss, ifilm,Ɵwith
t was calculated by substituting the k, A, b into Eq. (16) (the constant
potential was 200mV), and the results were given in Fig. 13.

Figure 13 shows that after passivation for 10 d in SCPS with different
pH, the surface of Nb-containing rebar and CS rebar showed the anodic
dissolution beforeƟ = 1, and the current at this stage mainly contributed to
the large dissolution of the rebar matrix. As the passivation process pro-
gressed, the idiss value on the surface of Nb-containing rebar and CS rebar
rapidly decayed to 0 (whenƟ reached 1), the surface ofNb-containing rebar
and CS rebar was completely covered by a layer of oxide film, and this layer
of oxide film gradually grew and thickened on the surface of Nb-containing
rebar andCS rebar.With the decreases of pH, the idiss value on the surface of
Nb-containing rebar andCS rebar increased significantly, and the ifilm value
of oxide film also increased significantly, this indicated that the decreases of
pH led to the increases of the dissolution rate of the rebarmatrix, and a large

number of Fe2+ ions were released into SCPS to participate in the formation
of oxide film. At low pH9.0, compared with CS rebar, the idiss value and ifilm
value on the surface ofHNb rebar increased significantly, this indicated that
a large number of Fe2+ ions were formed on the surface of HNb rebar to
participate in the formationof oxides, so that the surfacepassivefilmofHNb
rebar gradually formed a large number of stable Fe oxides.

Figure 13 also shows that when the pH value of SCPSwere decreased
from 13.2 to 9.0, compared with CS rebar, with the increases of Nb, the
formation time of oxide film on the surface of HNb rebar were increased
from 23.1 s to 34.2 s, this indicated that the nucleation rate of oxide film
on the surface of HNb rebar became slower, and the increases of Nb
promoted the thickness of surface passive film of HNb rebar to reach a
certain saturation and slowly thickened. Previous studies11,18,20 also
reported that with the decreases of pH, the idiss value and ifilm value on the
surface of Cr-containing rebar increased significantly, resulting in the
formation of stable Fe oxides, which retarded the nucleation time of
oxides on the surface of Cr-containing rebar, thus the thickness of the
passive film gradually thickened.

In the thickening stage of the passive film, the ifilm value was basically
used to complete the nucleation and growth of oxide. In order to obtain the
variation of the thickness of surface passive film ofNb-containing rebar and
CS rebar with time, it is necessary to integrate the ifilm within 0 ~ 100 s, and
the quantity of electric charge (qfilm(t)) consumed by the oxide film for-
mation were calculated, and the thickness of surface passive film of Nb-

Fig. 10 | AFM morphology of surface passive film of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with different pH.
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containing rebar and CS rebar was calculated by Faraday’s law formula69.

qfilm tð Þ ¼
Z t

0
ifilm tð Þdt ð17Þ

d tð Þ ¼
qfilm tð ÞM

zρF
ð18Þ

Where, M is themolar mass of Fe (M = 56 g·mol−1), z is the charge number
of Fe2+ (z = 2), ρ is the density of Fe (ρ = 7.86 g·mol−3), and F is the Faraday
constant (F = 96485.34 C·mol−1). The thickness of surface passive film of
Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with
different pHvalueswas calculated by Eqs. (17) and (18), and the variation of
the thickness of surface passive film of Nb-containing rebar and CS rebar
with time (the d-t curve) were given in Fig. 14.

Figure 14a–d shows that when the pH value of SCPS were decreased
from 13.2 to 9.0, compared with CS rebar, with the increases of Nb, the
thickness of the initial passive film on the surface of HNb rebar were
increased from 1.26 nm to 2.67 nm. This indicated that the decreases of pH
led to more film-forming current on the surface of HNb rebar, which were
mainly contributed to complete the formation and growth of the passive
film, thus forming a thicker initial passive film on the surface of HNb rebar.
Previous studies11,18,20,69 also reported that the slope of d-t curve represented
the growth rate of surface passive film of micro-alloyed steel. With the
decreases of pH and the increases of Nb, compared with CS rebar, the slope

of d-t curve of surface passive film of HNb rebar increased slowly, this
indicated that the decreases of pH promoted the gradual thickening of
surface passive film of HNb rebar.

When the overall thickness of the passive film reached stable, com-
pared with CS rebar, with the decreases of pH and the increases of Nb, the
overall thickness of surface passive film of HNb rebar were increased from
4.38 nm to 7.13 nm, this indicated that at low pH9.0, the increases of Nb
promoted the overall thickness of surface passive film of HNb rebar to be
thicker and more stable, which had a certain regularity with the results of
TEM. Ai et al.11 also found that at low pH9.0, the initial passive film of Cr-
containing rebar had a larger overall thickness, this indicated that the
decreases of pH led to the obvious enrichment of Cr, which thickened the
surface passive film of Cr-containing rebar. Zhang et al.18,20 also indicated
thatwith the decreases of pH, the surface passivefilmofCr-containing rebar
was stable and dense than that of CS rebar. Previous studies21–25 showed that
the addition ofCrwas beneficial to enhance the stability and compactness of
surface passive film of micro-alloyed rebar, which was attributed to the fact
that the formation of Cr oxides inhibited the degradation of surface passive
film of micro-alloyed rebar. Liu et al.31,32 found that the addition of Nb was
beneficial to promote the formation of surface passive film ofmicro-alloyed
rebar, and the enrichment of Nb in the passive film enhanced the corrosion
resistance of micro-alloyed rebar. The above results showed that during
the passivation reaction, with the decreases of pH, the increases of Nb
promoted the formation of more stable Fe oxides and Nb oxides on the
surface of Nb-containing rebar, which enhanced the stability and

Fig. 11 | Cross-section morphology of surface passive film of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with different pH. a–d pH13.2.
e–h pH12.5. i–l pH10.5. m–p pH9.0. (a, e, i,m CS. b, f, j, n LNb. c, g, k, o MNb. d, h, l, p HNb).
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compactness of the passive film, thereby enhancing the passivation effi-
ciency of Nb-containing rebar.

Based on the analysis of the formation process of surface passivefilmof
Nb-containing rebar andCS rebar in SCPSwith different pH, the formation
mechanismof surface passivefilm ofNb-containing rebar andCS rebarwas
divided into three stages, and the passivation reaction mechanism were
given in Fig. 15.

It can be seen fromFig. 15 that the formation process of surface passive
film of Nb-containing rebar and CS rebar was mainly divided into three
stages: the first stage was the initial process of the passive film, the second
stage was the growth and thickening process of the passive film, and the
third stage was the stable process of the passive film. During the initial
formation of the passive film (Stage I) (see in Fig. 15a–d), the initial passi-
vation reaction occurred between the rebar surface and the SCPS, and the
rebar matrix was dissolved to form Fe2+ (see Eq. (1))14,18,20. When the Fe2+

ion was continuously accumulated in SCPS, an initial product film FeO and
Fe(OH)2 (see Eq. (1))was formedon the surface ofNb-containing rebar and
CS rebar, the Fe(OH)2 was further oxidized to Fe(OH)3 and Fe3O4 (see Eqs.
(19) and (20)) under the action of dissolved oxygen, and the Fe(OH)3 was
further decomposed into FeOOH and Fe2O3 (see Eqs. (21) and (22)), in
which, the Fe3O4 was oxidized to Fe2O3 (see Eq. (23))

14,18,20,24,55.

4FeðOHÞ2 þO2 þ 2H2O ! 4FeðOHÞ3 ð19Þ

3FeðOHÞ2 þ 1=2O2 ! Fe3O4 þ 3H2O ð20Þ

FeðOHÞ3 ! FeOOHþ 2H2O ð21Þ

2FeðOHÞ3 ! Fe2O3 þ 3H2O ð22Þ

2Fe3O4 þ 1=2O2 ! 3Fe2O3 ð23Þ

Compared with CS rebar, with the increases of Nb, the initial passive
film on the surface of Nb-containing rebar formed the Nb oxides (see Eq.
(24)), and the presence of these Nb oxides participated in the initial for-
mationprocess of thepassivefilm28,29,31,32,34. Figure 15a–d shows thatwith the
decreases of pH, compared with CS rebar, the increases of Nb led to the
enrichment of the initial Nb oxides in the initial passive film of Nb-
containing rebar, and these Nb oxides had the high stability, which reduced
the activity of stable Fe oxides and increased the passivation rate of Nb-
containing rebar.

Nbsol þ 1=2O2 ! 2NbOþ O2 ! 2NbO2 þ 1=2O2 ! Nb2O5 ð24Þ

During the growth and thickening of the passive film (Stage II) (see in
Fig. 15e–h), the growth and thickening of surface passive film of Nb-
containing rebar and CS rebar simultaneously carried out, so that the entire

Fig. 12 | Phase composition and SAED images of surface passive film of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with pH13.2 and pH9.0.
a CS rebar. b LNb rebar. cMNb rebar. d HNb rebar.
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surface of Nb-containing rebar and CS rebar was covered with an initial
passive film, and the initial passive film gradually thickened in the thickness
direction, thus the film-forming current was all used for the growth of the
passivefilm, resulting in aweakeningof the anodicdissolutionprocess of the
matrix and an enhancement of the growth process of the passive film11,18,20.
In SCPSwith different pH, the thickening rate of surface passive film ofNb-
containing rebar was significantly higher than that of CS rebar. With the
decreases of pH, compared with CS rebar, the increases of Nb led to the
enrichment of more stable Nb oxides in the inner layer of surface passive
film of Nb-containing rebar, and these oxides enhanced the self-healing
ability of the passive film, which increased the thickening rate of the passive
film, hindered the migration of Fe2+ ion, and enhanced the stability of the
passive film29–32.

During the stable process of the passive film (Stage III) (see in
Fig. 15i–l), the surface passive film of Nb-containing rebar and CS rebar
gradually stabilized and the thickness reached the saturation. However, the
stability of surface passive film of Nb-containing rebar and CS rebar was
greatly affectedbypHchange. For theCS rebar,with thedecreases ofpH, the
carbonization of SCPS was more serious, and the stable Fe oxides and Fe
hydroxyl oxides in the surface passive film of CS rebar were gradually
degraded, thus reducing the surface passivation rate of CS rebar14,18,20,24.
However, the passivation rate of Nb-containing rebar increased with the
decreases of pH, and a stable and dense passive film was formed on the
surfaceofNb-containing rebar. This indicated that the decreases of pHwere
beneficial to promote the formation of Nb oxides in the surface passive film
of Nb-containing rebar, and these Nb oxides enhanced the self-healing

ability of the passive film, thus inhibiting the dissolution of the stable Fe
oxides and enhancing the corrosion resistanceofNb-containing rebar28,30–32.

The formation mechanism of the passive film confirmed that the
increases of Nb played a beneficial role in the formation of surface passive
film ofNb-containing rebar. Firstly, with the increases ofNb, the decrease of
pH was beneficial to promote the formation of Nb oxides in the surface
passive film of Nb-containing rebar, and these Nb oxides enhanced
the repair ability of the passive film, thus increasing the passivation rate of
the passive film and thickening the surface passive film of Nb-containing
rebar. Secondly, with the decreases of pH, the increases of Nb promoted the
significant enrichment ofNb oxides in the inner layer of surface passive film
of Nb-containing rebar, thus inhibiting the degradation of the stable Fe
oxides and enhancing the stability of the passive film. Therefore, the special
role of Nb in the surface passivation layer of micro-alloyed high-strength
anti-seismic rebar provides a new idea for the long-term service and dur-
ability of micro-alloyed high-strength anti-seismic rebar in concrete
structures.

Methods
Experimental materials
In this study, the rawmaterials were ordinary carbon steel rebar (namedCS
rebar), while the micro-alloyed high-strength anti-seismic rebar (named
Nb-containing rebar) were prepared on the basis of ordinary carbon steel
rebar. According to the newnational standardGB/T 1499.2―2018, three
groups of high-strength anti-seismic rebar with different Nb contents were
designed, which were labeled as low Nb rebar (named LNb), medium Nb

Fig. 13 |Ɵ, idiss, ifilm obtained byfitting the i-t curve (the constant potential was 200 mV) after passivation for 10 d in SCPS with different pH. a–d pH13.2. e–h pH12.5.
i–l pH13.2. m–p pH13.2. (a, e, i,m CS rebar. b, f, j, n LNb rebar. c, g, k, o MNb rebar. d, h, l, p HNb rebar).
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Fig. 15 | Schematic diagram of the formationmechanism of surface passive film ofNb-containing rebar andCS rebar after passivation for 10 d in SCPS. a, e, iCS rebar.
b, f, j LNb rebar. c, g, k MNb rebar. d, h, l HNb rebar.

Fig. 14 | d-t curve of surface passive film of Nb-containing rebar and CS rebar after passivation for 10 d in SCPS with different pH. a pH13.2. b pH12.5.
c pH10.5. d pH9.0.
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rebar (named MNb), and high Nb rebar (named HNb), respectively. The
steel ingots of Nb-containing rebar and CS rebar were melted by vacuum
inductionmelting furnace, and the alloymaterialwas the ferroniobiumalloy
(the grade of ferroniobium alloy wasNb66.78Fe33.22 alloy). The final samples
of Nb-containing rebar and CS rebar (diameter (100mm) × height
(50mm))were formedby controlled rolling and controlled cooling, starting
with heat at 1100 °C for 2 h, then rolled at different temperatures (1000 °C,
950 °C, 900 °C), and finally controlled cooling at 800 °C ~ 600 °C70,71. The
chemical composition of Nb-containing rebar and CS rebar were deter-
mined by inductively coupled plasma atomic emission spectrometry (ICP-
AE/CE), carbon sulfur analyzer (CS840) and nitrogen hydrogen oxygen
analyzer (NHO445), and the results of chemical composition were given in
Table 4.

The calculation formula of carbon equivalent (Ceq) was as follows
2.

Ceq ¼ C þMn=6þ Cr þ V þMoð Þ=5þ Cuþ Nið Þ=5 ð25Þ

The microstructure morphology and mechanical properties of four
rebars were given in Fig. 16 and Table 5.

It can be seen from Fig. 16 that the microstructure of four rebars was
mainly composedof ferrite andpearlite, themorphologies of ferritewere the
polygonal structure, and the morphologies of pearlite were the lamellar
structure. Compared with CS rebar, with the increases of Nb content, the
ferrite grain sizes of LNb rebar, MNb rebar and HNb rebar were refined to
11.12 μm, 9.22 μm and 7.38 μm, respectively, and the pearlite lamellar
spacings were refined to 0.26 μm, 0.24 μm and 0.21 μm, respectively. This
indicated that the addition ofNb played a role in refining the grains, and the
grain size of HNb rebar reached 11 grades. It can be seen from Table 5 that
compared with CS rebar, with the increases of Nb content, the tensile
strength and yield strength of HNb rebar were reached to 757.07MPa and
573.54MPa, respectively, and the strength-yield ratio and elongation after

fracture were reached to 1.32 and 24.69%, respectively. This indicated that
the addition of Nb led to a significant improvement in the strength and
plasticity of Nb-containing rebar.

The sample sizes of Nb-containing rebar and CS rebar were processed
into a length (20mm) ×width (20mm) × thickness (20mm)(forAFMtest)
and length (5mm) ×width (5mm) × thickness (3mm) (for XPS test) by
wire cutting. These rebar samples were exposed theworking surface and the
rest of surface was completely sealed with epoxy resin. The exposed surface
of the rebar samples were rough grinding and fine grinding using different
types of metallographic sandpaper (200 mesh~2000 mesh), then polished
using the diamond polishing agent (the particle size of 0.5 μm and 1.5 μm)
on the PI-1A metallographic sample polishing machine. Finally, the etha-
nol+ ultrasonic vibration was used to shake and clear the surface of the
rebar samples for subsequent immersion test and characterization.

Simulated concrete porous solution
The passivation process of high-strength anti-seismic rebar under the
conditions of concrete environmentwas affected bymany factors, and these
factors mainly included the mineral composition, temperature, humidity,
oxygen content, etc., in which the mineral composition of concrete was the
most important factor72–74. Due to the complex changes of these factors, the
passivation process of high-strength anti-seismic rebar was difficult to
achieve the real condition, thus the simulated concrete pore solution (SCPS)
was used to simulate the alkaline environment of concrete, which greatly
reduced the experimental conditions to avoid the influence of these factors.
Therefore, the use of SCPS to study the surface passivationprocess ofmicro-
alloyed rebar has been considered to use a wide range of test methods75–77.

TheSCPScomponentsweremainlydivided into twocategories17–19,75,78–80:
the first was the saturated calcium hydroxide (Ca(OH)2) solution to simulate
high alkaline solution; the second was to add a certain amount of potassium
hydroxide (KOH) and sodium hydroxide (NaOH) in the saturated calcium

Fig. 16 | Microstructure of four rebars. a CS rebar.
b LNb rebar. cMNb rebar. dHNb. The white dotted
line frame was the polygonal ferrite (PF). The red
dotted line frame was the lamellar pearlite (LP). The
yellow dotted line framewas the enlarged drawing of
lamellar pearlite.

Table 4 | Chemical composition of Nb-containing rebar and CS rebar (wt.%)

Rebar C Si Mn P S O Nb Ti Ceq Fe

CS 0.22 0.54 1.52 0.018 0.012 0.008 0 <0.01 0.47 Bal.

LNb 0.23 0.55 1.54 0.017 0.013 0.007 0.022 <0.01 0.49 Bal.

MNb 0.24 0.56 1.53 0.016 0.015 0.006 0.046 <0.01 0.50 Bal.

HNb 0.22 0.53 1.55 0.015 0.011 0.008 0.082 <0.01 0.48 Bal.
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hydroxide (Ca(OH)2) solution, so as to simulate the real alkaline environment
of concrete. In this study, the second SCPSwas selected to simulate the highly
alkaline solution, and the main component of SCPS was composed of
0.03mol·L−1 calcium hydroxide (Ca(OH)2)+ 0.3mol·L−1 potassium hydro-
xide (KOH)+ 0.15mol·L−1 sodiumhydroxide (NaOH).At the same time, the
different contents of sodium bicarbonate (NaHCO3) powder were added to
the high alkaline solution, and the pH values were adjusted to 12.5, 10.5, 9.0
respectively, which simulated the carbonization process of SCPS. The SCPS
components with different pH were given in Table 6. The reagents used to
simulateSCPSwithdifferentpHwereanalyticallypure (purityup to99%), and
the solventwas the deionizedwaterwith a resistivity of 18.2MΩ·cmprocessed
by the Millipore-Direct-Q system. The pH value of SCPS was measured and
corrected every 24 h. Previous studies18–20,23–25 pointed out that the passivefilm
ofmicro-alloyed rebar in SCPSwas stable for about 10 d. Therefore, the SCPS
at eachpHwasused as the soaking test group, and the soaking test timeof each
group was set to 10 d to study the formation process of surface passive film of
Nb-containing rebar and CS rebar. Three parallel tests were taken under the
condition of different pH in each group to ensure the accuracy of test results.

Electrochemical tests
The electrochemical sample sizes ofNb-containing rebar andCS rebar were
processed into a length (10mm) ×width (10mm) × thickness (10mm) by
wire cutting. The surface of Nb-containing rebar and CS rebar was welded
withnickel sheet by spotweldingmachine asworkingwire, and the opposite
surface of the connecting wire was retained as the working surface, and the
rest of surface was sealed with epoxy resin. The different types (200
mesh~3000 mesh) of metallographic sandpaper were used to coarsely and
finely grind the working surface of Nb-containing rebar and CS rebar, then
polished by the diamond polishing agent (the particle size of 0.5 μm and
1.5 μm)on thePI-1Ametallographic sample polishingmachine. Finally, the
ethanol was used to clean the working surface of Nb-containing rebar and
CS rebar in ultrasonic wave for electrochemical test.

All electrochemical tests of Nb-containing rebar and CS rebar were
performed on a CHI760E electrochemical workstation with a classic three-
electrode system, inwhich, theNb-containing rebar andCS rebarwere used
as working electrodes, the platinum sheets were used as auxiliary electrodes,
and the saturated calomel was used as reference electrode. The test solution
was SCPS with different pH. All Nb-containing rebar and CS rebar were
passivated in SCPS for 10 d. Firstly, the opencircuit potential (OCP) testwas
performed for 1800 s. After theOCPwas stabilized, the corrosion resistance
of surface passivefilm ofNb-containing rebar andCS rebarwas tested using
the electrochemical impedance spectroscopy (EIS), the test frequency range

was 10−2 ~ 105Hz, and the amplitude was 10mV, and the EIS results were
fitted using ZView software. Secondly, the reaction peak of surface passive
film of Nb-containing rebar and CS rebar was tested using the cyclic vol-
tammetry (CV), the test voltage range was −1.1 V ~ 0.85 V, the scanning
rate was 0.006 V/s, the scanning direction was forward scanning, and the
scanning cycle was five cycles. The semiconductor properties of surface
passivefilm ofNb-containing rebar andCS rebarwas tested using theMott-
Schottky (M-S), the test voltage range was −1.6 V ~ 1.6 V, the amplitude
was 10mV, and the fixed frequency was 1000Hz. The formation process of
surface passive film of Nb-containing rebar and CS rebar was tested using
the constant potential current transient (i-t), and the constant potential
current transient scanningwas carriedout for 1000 sunder the conditionsof
film forming potential. Finally, the passivation reaction process of surface
passive film of Nb-containing rebar and CS rebar was tested using the
dynamic potential polarization (DPP), the test voltage range was
−0.5 V ~ 0.8 V, and the scanning rate was 0.5 mV/s. All electrochemical
tests were performed at room temperature (25 ± 1 °C), and three parallel
tests were taken for each group to ensure the accuracy of test results.

Characterizations
All samples were taken out after the passivation 10 d in SCPS, rinsed with
distilled water, dried and stored in vacuum drying oven for XPS test.
Thermo Kalpha X-ray photoelectron spectroscopy (XPS) was used to
characterize the phase composition and element valence of surface passive
film of Nb-containing rebar and CS rebar, and carrying out the deep
etching of 2 nmand6 nm to characterize the phase composition of surface
passive film of Nb-containing rebar and CS rebar. Based on the binding
energy of C peak (248.8 eV), all XPS results were fitted by Avantage
software.

After passivation 10 d in SCPS, the structure and surface defects of
surface passive film of Nb-containing rebar and CS rebar were char-
acterized by Bruker Dimension ICON atomic force microscope (AFM).
For the morphology test of surface passive film of Nb-containing rebar
and CS rebar, AFM was used to repeatedly test the surface passive film
morphology of three groups of parallel rebar samples under the con-
ditions of different pH for three times, so as to ensure the accuracy and
consistency of surface passive film morphology of the rebar samples.
For the roughness test of surface passive film of Nb-containing rebar
and CS rebar, NanoScope Analysis software was used to repeatedly
measure the roughness of surface passive film for five times, and
obtaining the average value, so as to ensure the accuracy and readability
of surface passive film roughness of the rebar samples. The scanning size
was 10 μm, the scanning frequency was 0.999 Hz, the scanning rate was
256 mV/s, the resolution was 0.1 nm. All AFM data were analyzed by
NanoScope image analysis software.

After passivation for 10 d in SCPS, the passive film zone was prepared
by focused ion beam (FIB). Firstly, the position of surface passive film of the
rebar was found by SEM, and the matrix on both sides before and after the
passive film was hollowed out, leaving the slice region of the passive film.
Secondly, the slice region of the passive film was removed by a mechanical
nanomanipulator, and performed the ion beam thinning, making the
thickness was reduced to the ideal thickness. Finally, the slice region of the
passive film was welded to the sample column on the coppermesh, and the
sample positionwasmarked. FEITecnaiTF30high-resolution transmission
electron microscopy (TEM) was used to characterize the crystal structure
and cross-sectional thickness of the passive film, which further studied the
high-resolution phase, crystal structure, element distribution and selected
area electron diffraction of surface passive film of Nb-containing rebar and
CS rebar. For the measurement of the cross-section thickness of surface
passive film of Nb-containing rebar and CS rebar under the conditions of
different pH, the Digital Micrograph software was used to repeatedly
measure the cross-section thickness of the passive film for five times, and
obtaining an average value, so as to ensure the accuracy and consistency of
the cross-section thickness of surface passive film of Nb-containing rebar
and CS rebar.

Table 6 | SCPS components with different pH

Solution Concentration (mol·L−1) pH

Calcium
hydroxide
(Ca(OH)2)

Sodium
hydroxide
(NaOH)

Potassium
hydroxide
(KOH)

Sodium
bicarbonate
(NaHCO3)

1 0.03 0.15 0.3 - 13.2

2 0.03 - - 0.030 12.5

3 0.03 - - 0.055 10.5

4 0.03 - - 0.151 9.0

Table 5 | Mechanical properties of four rebars

Rebar Tensile
strength
(MPa)

Yield
strength
(MPa)

Strong-
yield ratio

Elongation after
fracture (%)

CS 536.32 438.56 1.22 16.28

LNb 652.38 513.28 1.27 18.31

MNb 701.36 543.69 1.29 21.25

HNb 757.07 573.54 1.32 24.69
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For thephase existenceof surface passivationprocess ofNb-containing
rebar andCS rebar under the conditions of different pH, the E-pHdiagrams
of Fe-H2O system and Nb-H2O system were calculated by using the E-pH
calculation module of Factsage (version 7.2) thermodynamic software, and
these calculations were carried out at 298.15 K.

Data availability
Relevant data supporting this study can be obtained from corresponding
author according to reasonable requirements.
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