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ne steel slag and fly ash for steel
passivation in sustainable ternary cements:
Temperature-dependent stability and composition
regulation

Ying Lin,ab Zhiwei Wu,ab Zhengxian Yang *ab and Hesong Jin*c

The utilization of industrial by-products like ultrafine steel slag (USS) and fly ash (FA) in cementitious systems

offers a pivotal strategy for decarbonizing the construction sector and valorizing solid waste. This study

investigates the synergistic role of USS and FA in designing and regulating the passive film on reinforcing

steel within sustainable ternary cements, with a particular focus on its temperature-dependent stability.

Through an integrated approach of pore solution chemistry, multi-scale electrochemistry, and surface

characterization, we deciphered the coupled mechanisms of ion transport, passive film evolution, and

defect chemistry governed by the composition. The results indicate that while FA elevates K+

concentration, it reduces pore solution alkalinity (pH 12.56), falling below the passivation threshold. A

moderate USS content (30%) optimally compensates by dissolving Ca-bearing phases, restoring the pH to

levels conducive to passivation (12.95), and facilitating the formation of a superior bilayer passive film. This

regulated film exhibits high impedance, low defect density, and an inner barrier layer enriched with Fe2+

and lattice oxygen, offering exceptional protection. Conversely, excessive USS incorporation (50%)

increases surface roughness by 63%, exacerbating heterogeneity and ionic permeability, Furthermore, the

stability of this optimal formulation demonstrates a critical temperature dependence. Curing at $40 °C

accelerates film hydration and hydroxylation. It also promotes deep-layer defect proliferation, which

markedly degrades the protective performance. This work unveils the fundamental mechanisms of

composition-driven passivation, providing a principle for designing sustainable low-carbon cementitious

systems by tailoring properties to achieve long-term material service life.
1. Introduction

The utilization of industrial by-products such as steel slag (SS)
and y ash (FA) in cementitious systems represents a strategic
pathway toward reducing the carbon footprint of concrete and
promoting circular economy principles in construction. SS,
which contains hydraulic phases like C2S and C3S, has shown
potential as a supplementary cementitious material.1–3

However, its practical application is oen hindered by dense
crystallinity, coarse particle size, and the presence of RO phases
with minor free CaO andMgO, which retard hydration and pose
risks to volume stability at high replacement levels.4,5 Mechan-
ical activation via ultrane grinding offers a promising route to
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mitigate these limitations. Previous studies have demonstrated
that nely ground SS can replace up to 60% of cement, with
early hydration of free lime and periclase mitigating long-term
expansion.6,7 Nevertheless, the inuence of ultrane steel slag
(USS) on the passivation behaviour and stability of the passive
lm on reinforcing steel remains poorly understood.

FA, another widely used supplementary cementitious mate-
rial, contributes to sustainable concrete production by lowering
CO2 emissions, conserving raw materials, and enhancing long-
term performance.8 Through pozzolanic, ller, and neness
effects, FA renes the pore structure and delays depassivation of
steel reinforcement. However, its low early reactivity can impair
initial corrosion resistance.9,10 USS, with its capacity to rapidly
release Ca2+ and OH− ions, may compensate for the slow early
kinetics of FA, though its standalone use is constrained by
volumetric and reactivity concerns.11,12 Recent evidence
suggests that blending USS with FA yields synergistic benets:
USS-derived alkalis can activate FA's pozzolanic reaction,
suppress expansive phases, and optimize pore solution chem-
istry, thereby enhancing the protective quality of the passive
lm.13 Despite these advances, the microstructural evolution of
RSC Adv., 2026, 16, 14361–14377 | 14361
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the passive lm in USS-FA ternary systems in terms of Fe3+/Fe2+

distribution, defect density, and FeOOH crystallinity has not
been systematically elucidated.

In highly alkaline environments such as simulated pore
solutions (SPS), reinforcing steel undergoes spontaneous
passivation, forming a multi-layered oxide lm through
coupled electrochemical and precipitation processes.14,15 This
lm typically exhibits a bilayer structure: a dense, Fe2+-rich
inner barrier (e.g., FeO or Fe3O4) and a more porous, Fe3+-rich
outer layer composed of oxyhydroxides such as g-Fe2O3 and a-
FeOOH.16,17 The formation sequence follows the oxidation
pathway Fe0 / Fe2+ / Fe3+, with gradients in composition,
defect density, and crystallinity evolving with depth.18–20 The
stability of this passive layer is governed by lattice defects,
cation incorporation, and anion vacancies,21–23 while its
transformation among magnetite, maghemite, and goethite is
modulated by electrochemical potential, pH, and ionic
composition.24,25 Pore solution chemistry, including the
balance of cations and anions, ionic strength, and alkalinity,
plays a decisive role in the stability and protectiveness of
passive lms.26,27 In ordinary Portland cement (OPC) systems,
high concentrations of Na+, K+, Ca2+, and OH− sustain pH
values above 12.5, facilitating rapid passivation.28,29 The
incorporation of FA, however, reduces [Ca2+] and [OH−]
through the consumption of portlandite, thereby lowering
both pH and ionic strength, despite partial compensation by
released alkalis.30–32 Similarly, SS releases Ca2+ and OH− more
slowly than OPC, further depressing early-age pH and ionic
strength.33,34 In SS–FA blends, early Ca2+ and alkalinity
provided by SS can activate FA, while FA-derived aluminosili-
cates sequester Ca2+, collectively modulating phase equilibria
and ionic transport.35,36 The resulting high-pH environment
promotes the formation of a bilayer passive lm, with compact
inner and porous outer regions.37 Alkali cations facilitate
uniform oxide growth,38,39 whereas Ca2+ incorporation may
induce lattice distortion and favor Ca(OH)2 precipitation,
increasing defect density and compromising lm conti-
nuity.40,41 Anions such as SO4

2− can adsorb at active sites and
inuence the precipitation kinetics of iron oxides and oxy-
hydroxides.42,43 Thus, the interplay among cation and anion
adsorption, pH, and redox conditions governs the Fe3+/Fe2+

ratio, oxide crystallinity,44,45 and the overall stability and
repairability of the passive lm.46,47

Temperature is another critical factor inuencing steel
passivation and corrosion in concrete, affecting ion mobility,
oxide transformation kinetics, and dissolution-precipitation
equilibria.48,49 Elevated temperatures generally accelerate ionic
transport and phase transitions, leading to thinner lms,
higher defect densities, and reduced corrosion resistance.50–52

In saturated Ca(OH)2 solutions, higher temperatures delay
initial passivation, enhance lm dissolution, and lower pitting
potentials, increasing susceptibility to localized attack.
Temperature also affects dissolved oxygen content, which
inuences cathodic kinetics and anodic dissolution rates.53,54

Under eld conditions, solar radiation and climatic extremes
can raise steel temperatures by 30–50 °C above ambient, and in
severe cases, up to 90 °C.55 Such thermal uctuations introduce
14362 | RSC Adv., 2026, 16, 14361–14377
repeated cycling, inducing interfacial shear stresses, micro-
cracking, and defect generation in the passive lm, thereby
undermining its protective function.56

Given that USS and FA signicantly alter pore solution
chemistry, the passivation behavior in USS–FA–OPC ternary
systems is expected to differ markedly from that in plain OPC.
To address this gap, this study systematically investigates the
coupled effects of binder composition and temperature on
passive lm formation and stability. The temporal evolution
(2 h to 14 days) of ionic concentration, pH, and ionic strength
across a range of USS/FA blends was quantied and correlated
with electrochemical metrics, including open-circuit potential
(OCP), electrochemical impedance spectroscopy (EIS), and
Mott–Schottky (M–S) analysis, to track lm growth and semi-
conducting behavior. For the optimal mix, the inuence of
temperature (20–50 °C) on charge-transfer resistance and lm
structure was further evaluated using EIS, M–S, and X-ray
photoelectron spectroscopy (XPS). Depth-proling XPS, scan-
ning electron microscopy (SEM), and atomic force microscopy
(AFM) are employed to resolve compositional gradients,
morphology, and roughness of the passive lms. Different
from similar reports on ternary binders that mainly emphasize
hydration or bulk durability, and corrosion studies that oen
discuss pore solution alkalinity qualitatively, this work
explicitly links USS-induced ionic redistribution to passive-
lm electronic defect descriptors (ND1/ND2 and C–V/EIS
signatures), enabling identication of a practical USS
replacement window (20–30%) for robust passivation. This
provides actionable mix-design implications for real rein-
forced concrete by indicating how to sustain passivation and
delay depassivation under chloride ingress or carbonation
exposure. The outcomes of this work are expected to establish
a chemistry–structure–property framework for passive lms
under multi-factor interactions, supporting the durable and
low-carbon design of reinforced concrete in aggressive
environments.
2. Experimental program
2.1. Raw materials

The ordinary low-carbon steel bars used in this study were
supplied by Shengxin Technology Co., Ltd, China and con-
formed to the HRB400 designation. The chemical composition
of the ribbed HRB400 steel (wt%) was: C, 0.23; Si, 0.54; Mn, 1.42;
P, 0.03; S, 0.02; with the balance Fe. The SS, FA, and OPC were
provided by Yuanxin Building Materials Co., Ltd, China. The
USS had a specic surface area of 760 m2 kg−1. This material
was produced from ordinary steel slag through a multi-step size
reduction and activation process. This process involved primary
processing via rod milling for iron removal and screening, fol-
lowed by secondary grinding in a planetary ball mill for 4 h. The
intensive comminution not only reduced the particle size to the
ultrane range but also created fresh, highly reactive surfaces,
thereby improving its dissolution kinetics and overall cemen-
titious performance. The chemical compositions of the raw
materials used in this study are listed in Table 1.
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09738j


Table 1 Chemical composition of USS, FA and OPC (wt%)

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3

USS 42.66 24.93 8.3 16.72 6.08 0.57 0.38 0.36
FA 23.25 31.07 36.24 2.88 4.3 0.44 0.76 2.11
OPC 62.24 21.80 5.12 3.91 3.15 0.31 0.47 3.00

Table 2 Mix proportion of SPS (g)

Group USS FA OPC

OPC 0 0 100
US5FA0C 50 00 50
US4FA1C 40 10 50
US3FA2C 30 20 50
US0FA5C 0 50 50
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2.2. Mix proportion and sample preparation

To address the limited availability of pore solution in hardened
concrete and the low yield of high-pressure extraction (1 mL per
250 g sample), this study adopted a modied SPS preparation
protocol.57 The SPS was prepared by homogenizing dry binders
(Table 2) with deionized water (water/binder = 1.0) via rotary
mixing for 24 h. The slurry was vacuum-ltered sequentially
through qualitative lter paper followed by 0.2 mm membrane.
Filtrates were stored at 4 ± 2 °C and noted as US–FA–C SPS.

The reinforcing steel specimens were mounted in cylindrical
rubber molds, ground with SiC papers (250–2000 grit), and
polished to a mirror nish using 0.5 mm diamond suspension
on a UNIPOL-1000D polisher. Surface preparation for SEM/
AFM/XPS involved gradient ultrasonic cleaning and argon
encapsulation. For electrochemical tests, samples were moun-
ted in PTFE holders with a xed exposed area of 1.00 cm2, with
immersion durations determined by experimental design.
Fig. 1 Cation concentration of SPS.
2.3. Test methods

2.3.1. Chemical composition and concentration analysis of
SPS. The alkalinity of US–F–C SPS was measured using a PHS-3E
pH meter (INESA, Shanghai) at 23 ± 2 °C on 20 mL aliquots,
with triplicate readings averaged. Ionic composition was
determined by ICP-OES (Thermo iCAP 6300) for major cations
(Na+, K+, Ca2+, Mg2+, Al3+), while OH− concentration was via ion
chromatography (Metrohm 883 Basic IC plus).

2.3.2. Electrochemical tests. Electrochemical tests were
performed using an Autolab VIONIC workstation (Metrohm) in
a three-electrode cell, with reinforcing steel (1.00 cm2) as the
working electrode, Pt foil (2.0 × 2.0 cm) as the counter, and
a saturated calomel electrode (SCE) as reference. Temperature
measurements were conducted isothermally at 20 °C and under
controlled temperatures (30 °C, 40 °C, and 50 °C) using a 13 L
thermostatic bath (±0.5 °C). The OCP dened as the steady-
state potential difference between working and reference elec-
trodes, reects the passivation status of steel. An OCP plateau
with uctuations less than ±20 mV indicates formation of
a stable passive lm. In this study, OCP was recorded at 10 Hz
over 60 s using VIONIC workstation. EIS was employed to
© 2026 The Author(s). Published by the Royal Society of Chemistry
monitor passive lm evolution on steel during 14 days immer-
sion in SPS. A sinusoidal voltage perturbation with a 10 mV
amplitude applied across 0.01 Hz to 100 kHz; triplicate spectra
(deviation <5%) were tted using a Randles circuit in ZSimpWin
to extract resistance and capacitance parameters, which quan-
tify lm compactness and corrosion protection kinetics. M–S
analysis was conducted to investigate the semiconductor
properties of the passive lm by characterizing the capacitance-
potential response of the space-charge region at the lm/
solution interface. A high-frequency AC signal at 1 kHz with
an amplitude of 10 mV was superimposed on a linear potential
sweep ranging from −0.5 V to 0.5 V versus SCE.

2.3.3. Chemical composition and morphology of
passivation lm. The XPS (PHI 5000 VersaProbe III) was
employed to analyze passive lm chemistry under ultra-high
vacuum (<6.7 × 10−8 Pa) using a monochromatic Al Ka source
(1486.6 eV, 20 kV, 15 mA). The instrument offered <3 mm spatial
resolution and 0.1 at% detection limits. All spectra were charge-
corrected to the adventitious C 1s peak at 284.8 eV, and peak
tting/quantication was performed with MultiPak soware to
determine elemental compositions and chemical states. The
SEM (Quanta 250, FEI) was used to examine passive lm
morphology in US–FA–C systems under solution conditions.
High-vacuum imaging was performed at accelerating voltages of
0.2–30 kV (beam current # 2 mA), with resolutions of 3.0 nm at
30 kV and 8.0 nm at 3 kV. Elemental composition was further
analyzed by energy-dispersive X-ray spectroscopy (EDS, 129 eV
resolution). The AFM (Agilent 5500 series) in contact mode was
used to characterize the 3D morphology and roughness of
passive lms in different US–FA–C systems. Scans were
conducted over 9 mm × 9 mm areas with system noise levels of
XY < 1 Å RMS and Z < 0.2 Å RMS, enabling high-resolution
mapping of nanoscale topography.

3. Results and discussion
3.1. Chemical composition and concentration analysis of
the SPS

3.1.1. Chemical composition and ionic concentration of
SPS. The ion concentration prole (Fig. 1) reveals K+ dominance
across all mixtures, though its origin and evolution vary with
composition. In the OPC system, lower K+ concentrations
RSC Adv., 2026, 16, 14361–14377 | 14363
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Fig. 2 OCP characterization of SPS.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 4

:0
9:

47
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
indicate limited potassium release from cement. Conversely,
US0FA5C (50% FA substitution) exhibits signicantly elevated
K+ levels, conrming FA's potassium-rich phases as the primary
source. Notably, despite 50% cement reduction, FA incorpora-
tion not only compensates but increases net K+ concentration.
Progressive USS substitution for FA reduces K+ concentration
linearly, demonstrating USS's dilution effect due to its negli-
gible soluble potassium content.

Meanwhile, with increasing USS dosage from US0FA5C to
US5FA0C, the overall ionic distribution shis noticeably. Ca2+

concentration exhibits a gradual increase, rising from approxi-
mately 2 mmol L−1 in US0FA5C to around 4 mmol L−1 in
US5FA0C. This increase is mainly attributed to the greater Ca-
bearing inventory of USS and its faster dissolution-hydration
kinetics. CaO (including free CaO) and Ca-rich silicates (e.g.,
C2S and C3S) in USS hydrate/dissolve under alkaline conditions,
continuously supplying Ca2+ together with OH−. The ultrane
nature of USS (specic surface area z760 m2 kg−1) further
accelerates ion release by providing a larger reactive surface and
more active sites. In addition, substituting FA decreases the
aluminosilicate fraction capable of immobilizing Ca2+ via early
hydrate formation, which also contributes to the higher
residual Ca2+ level in solution. In contrast, Na+ concentrations
remain relatively stable across all mixtures, implying a more
uniform release behavior that is less sensitive to binder
composition changes. A moderate correspondence is observed
between the trends in ionic concentration and pH (Fig. 1)
evolution as the proportion of USS increases from 0% to 50% in
the US–FA–C ternary pore solution system, replacing FA at
a xed cement dosage. In USS-free systems (US0FA5C), the
solution exhibits the lowest pH (approximately 12.56) and Ca2+

concentration, attributed to limited calcium release from FA
and reduced Ca(OH)2 formation. As USS content increases, Ca2+

concentrations rise gradually from approximately 2 mmol L−1

to approximately 4.5 mmol L−1, accompanied by a systematic
increase in pH up to approximately 12.95 in US5FA0C. This
trend suggests that USS contributes reactive calcium and
magnesium oxides, which progressively dissolve to release
OH−, enhancing the solution's alkalinity without increasing
cement content. K+ levels remain stable across all blends due to
the xed cement proportion, while Na+ concentrations are
consistently low, reecting minimal sodium contribution from
both USS and FA. Although nonlinear, the coordinated rise in
Ca2+ and pH underscores USS's role in compensating for alka-
linity loss from FA substitution and promoting a favorable
chemical environment for passive lm formation on reinforcing
steel.

3.1.2. Ionic strength and oxygen solubility of SPS. The ionic
strength (Ii) of the SPS varies systematically with the replace-
ment of FA by USS at a xed OPC fraction (50 wt%). The OPC
reference sample exhibits the highest Ii (196.1 mmol kg−1),
consistent with its elevated concentrations of soluble Ca2+, K+,
and associated hydroxides released during hydration. Partial
substitution of OPC by FA–USS blends reduces Ii sharply to
values between 110–145 mmol kg−1. The lowest Ii values occur
in FA-rich, low-USS mixtures (US0FA5C: 109.9 mmol kg;
US1FA4C: 111.5 mmol kg; US2FA3C: 110.5 mmol kg−1),
14364 | RSC Adv., 2026, 16, 14361–14377
indicating signicant dilution of multivalent metal cations and
alkali ions. When USS content exceeds approximately 30 wt%
(US3FA2C: 123.6 mmol kg; US4FA1C: 134.9 mmol kg; US5FA0C:
144.8 mmol kg−1), Ii increases progressively. This trend aligns
with the gradual dissolution of basic oxides (e.g., CaO, MgO, Fe-
bearing phases) from USS, which replenishes the pore solution
with ionic concentration.

Dissolved oxygen (O2) in electrolyte solutions exhibits an
inverse correlation with Ii due to salting-out behavior; elevated Ii
suppresses O2 solubility. Consequently, FA-rich systems with
low Ii maximize O2 availability, whereas OPC pore solutions
minimize it. USS-rich mixtures occupy an intermediate posi-
tion, despite higher Ii than FA systems, their Ii remains
substantially below OPC levels, enhancing O2 accessibility
relative to cementitious environments. FA-dominated mixes
improve O2 transport but slow passivation due to lower alka-
linity (pH 12.2–12.8). USS-rich systems enhance passive lm
formation with high alkalinity (pH > 13.2), even with less di-
ssolved O2. The hybrid US3FA2C offers a balance: moderate Ii,
ideal alkalinity (pH 13.0 ± 0.1), and stability comparable to
OPC. Overall, steel passivation is controlled by two competing
factors. USS increases alkalinity and promotes lm formation,
whereas higher ionic strength suppresses dissolved O2 and can
slow the cathodic process.
3.2. Electrochemical properties of passivation lm

3.2.1. Passivation potential of passive lm. Fig. 2 shows the
OCP evolution of steel reinforcement in SPS derived from
distinct binder systems. All compositions exhibit rapid OCP
increase within 24 h–48 h followed by stabilization, aligning
with the two-stage passivation mechanism. OCP > −250 mV
signies passivity, while −400 mV to −250 mV indicates active
corrosion. In USS-containing systems, OCP rose to −281 mV at
24 h, exceeded −250 mV by 48 h, and stabilized near −150 mV
post-immersion, demonstrating progressive formation of
a stable passive layer. Among USS-bearing mixtures, the
US3FA2C exhibited OCP evolution closely resembling that of the
OPC control, indicating comparable passivation kinetics and
lm stability. In contrast, mixtures with lower USS content
(US0FA5C and US1FA4C) showed slower OCP increases and
more negative steady-state potentials (approximately −140 to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Nyquist plots and Bode plats of (a) OPC, (b) US0FA4C, (c) US1FA4C, (d) US2FA3C, (e) US3FA2C, (f) US4FA1C, and (g) US5FA0C.
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−145 mV), attributed to reduced alkalinity and limited ionic
availability hindering early-stage passivation. Conversely, the
high-USS system (US5FA0C) promoted rapid initial OCP rise
due to elevated OH−, yet its nal OCP remained lower
(approximately −180 mV), suggesting long-term instability or
passive lm heterogeneity. These results demonstrate that near
30% USS achieves an optimal balance between alkalinity, ion
release, and protective lm formation, yielding passivation
behavior similar to OPC. Excessive USS (>30%) may alter
electrochemical conditions and compromise long-term corro-
sion resistance.

3.2.2. Electrochemical impedance characterization of
passive lm. Fig. 3a–g presents the Nyquist and Bode plots
characterizing the time-dependent electrochemical behavior of
reinforcing steel in systems incorporating various USS dosages.
In the OPC system (Fig. 3a), the radius of the impedance arc
exhibits a continuous increase with immersion time, and the
initially low impedance gradually increases and stabilizes at
a higher level by 14 days, indicating the progressive formation
of a compact and protective passive lm. In contrast, the
US0FA5C system (Fig. 3b), with high FA content and absence of
USS, shows the slowest impedance growth and the lowest nal
© 2026 The Author(s). Published by the Royal Society of Chemistry
impedance, suggesting that excessive FA hinders the nucleation
and development of the passive lm in the early stages.

As the USS content increases from US1FA4C to US3FA2C
(Fig. 3c–e), both the semicircle diameter in the Nyquist plots
and the mid-frequency phase angle plateau in the Bode spectra
increase signicantly. The US3FA2C system exhibits the highest
impedance values and the broadest phase angle plateau
throughout the immersion period, indicating the formation of
a highly uniform and electronically stable passive lm. It is
noted that US4FA1C and US5FA0C systems (Fig. 3f and g)
maintain high impedance at later stages. However, the early-
stage passivation (within 6 h) is relatively delayed, especially
for US5FA0C, where minimal impedance increase is observed.
This delayed response implies that excessive USS may suppress
the availability or transport of reactive ionic species in the
solution, thereby slowing the passivation kinetics. These results
indicate that a moderate USS content, such as in the US3FA2C
mix, not only facilitates rapid passive lm formation but also
enhances its structural integrity, while excessive USS incorpo-
ration may adversely affect early lm growth. The evolution of
the impedance spectra, reected by expanded capacitive arcs
and elevated low-frequency impedance with broadened phase
RSC Adv., 2026, 16, 14361–14377 | 14365
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Table 3 EIS fitting results of steel bars after passivation in SPS for 2 h

Specimen Rs (U cm2) Rp (kU cm2)

Q
Chi-square
(c2/×10−4)Y0 (10

−5 U−1 cm−2 sn) n

OPC 34.26 74.7 1.74 0.91 5.3
US0FA5C 62.59 105.3 1.81 0.83 3.61
US1FA4C 68.48 278.0 1.48 0.93 3.73
US2FA3C 59.54 342.3 1.43 0.92 1.64
US3FA2C 56.63 443.6 1.30 0.94 5.66
US4FA1C 57.46 248.5 1.27 0.89 9.62
US5FA0C 52.64 125.0 1.89 0.90 10.4
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angle plateaus, conrms the improvement in both dielectric
properties and corrosion resistance of the passive layer.

The EIS behavior of passive lms can be adequately
described using the simplest equivalent circuit, consisting of
a resistor and a capacitor in parallel. Consequently, the overall
interfacial characteristics of passivated metals can be repre-
sented by amodied Randles circuit, expressed as R(QR). In this
model, Rs denotes the solution resistance, Rp represents the
resistance of the passive lm, and Cp represents a non-ideal
constant phase element (CPE), reecting the capacitive-like
response of the entire interface.

The tted parameters obtained from 2 h immersion are
summarized in Table 3. At the early stage (2 h), the OPC sample
exhibits the lowest Rp (74.7 kU cm2), reecting an initially weak
and porous passive lm. The incorporation of FA (US0FA5C)
slightly increases Rp to 105.3 kU cm2, yet the accompanying
increase in Y0 and decrease in n value (Y0= 1.81× 10−5 S sn cm−2,
n = 0.83) indicate a more heterogeneous and defective interfacial
structure. As the USS content increases, a signicant enhancement
in lm resistance is observed, particularly for the US1FA4C and
US3FA2C systems, with Rp reaching 278.0 and 342.3 kU cm2,
respectively. The latter also displays a relatively low Y0 and high n
(Y0= 1.64× 10−5 S sn cm−2, n= 0.94), suggesting the formation of
a compact and homogeneous passive layer.

With continued immersion up to 14 days, the passive lm
resistance in all specimens exhibits a substantial increase,
reecting the further growth and densication of the oxide
layer. As shown in Table 4, the OPC system achieves the highest
Rp (2314 kU cm2), conrming the development of a dense and
electronically insulating passive lm in the Portland cement
matrix. In comparison, nevertheless, the US0FA5C system,
although lacking USS, maintains a relatively high Rp
Table 4 EIS fitting results of steel bars after passivation in SPS for 14 da

Specimen Rs (U cm2) Rp (kU cm2)

OPC 48.53 2314
US0FA5C 87.25 2173
US1FA4C 65.05 1698
US2FA3C 68.37 1635
US3FA2C 105.2 1602
US4FA1C 95.08 1235
US5FA0C 73.59 1456

14366 | RSC Adv., 2026, 16, 14361–14377
(2173 kU cm2), indicating that the inuence of FA becomes less
detrimental over prolonged passivation periods. For USS-
containing systems, moderate slag incorporation (20–30%
USS; US1FA4C–US3FA2C) results in comparable Rp values
ranging from 1600 to 1700 kU cm2, implying that USS dosages
up to 30% do not compromise long-term passive lm integrity.
Among them, the US3FA2C system presents a favorable
combination of low admittance (Y0 = 1.74 × 10−5 S sn cm−2)
and high phase exponent (n = 0.93), suggesting a well-
developed and compact dielectric lm. However, when the
USS content is further increased to 40% and above (US4FA1C
and US5FA0C), Rp declines markedly (1235 and 1456 kU cm2,
respectively), despite minimal variation in CPE characteristics.
This reduction likely stems from structural inhomogeneities or
insufficient pozzolanic activation at high USS contents, which
compromises the lm's protective capacity. Taken together, the
results suggest that while early-stage passivation benets from
USS incorporation, long-term passivation performance reaches
an optimal threshold at moderate slag dosages, beyond which
excessive substitution may be counterproductive.

3.2.3. Semiconductor properties of passive lm. Fig. 4
shows the M–S (le) and concurrently measured capacitance–
voltage (C–V) (right) plots, which reveal the evolution of semi-
conductor behavior and defect density within the passive lms
over immersion time for different blended systems. For the OPC
system (Fig. 4a), the M–S plot at 2 h exhibits a pronounced
positive slope and the highest C−2 values, indicating a low
donor density and well-dened space charge region. However,
prolonged immersion to 14 days leads to slope reduction and
curve attening, suggesting increased defect density and
structural degradation, which is corroborated by the rising and
unstable capacitance in the corresponding C–V plot. A similar
ys

Q
Chi-square
(c2/×10−4)Y0f (10

−5 U−1 cm−2 sn) nf

1.58 0.92 5.40
1.60 0.92 2.46
1.78 0.93 2.94
1.88 0.94 5.29
1.74 0.92 1.88
2.31 0.93 1.10
1.95 0.92 7.93

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 M–S (left) and C–V (right) plots of reinforcing steel in (a) OPC, (b) US0FA5C, (c) US1FA4C, (d) US2FA3C, (e) US3FA2C, (f) US4FA1C, and (g)
US5FA0C SPS systems.
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deterioration trend is observed in the FA-dominated US0FA5C
system (Fig. 4b), where the slope steadily decreases beyond 3 d,
reecting compromised insulating properties due to the low
reactivity of FA.

In contrast, the introduction of USS signicantly improves
the semiconducting properties of the passive lm. In the
US1FA4C system (Fig. 4c), M–S curves from 1 to 7 days show
consistently steeper slopes than at 14 days, indicating
a progressive decrease in donor density and improved lm
compactness. This trend is further enhanced in US2FA3C and
US3FA2C systems (Fig. 4d and e), where the lms display near-
linear M–S behavior with relatively steep slopes between −0.3 V
and 0.2 V, particularly at 3–7 days, suggesting a uniform n-type
semiconducting character with low defect concentration. The
corresponding C–V curves for these systems show minimal
humps and stable overlapping proles, conrming the forma-
tion of a homogeneous and electronically robust passive layer.
The US3FA2C sample, in particular, exhibits the steepest and
most stable M–S curve at 14 days, with high C−2 values across
a wide potential range, signifying optimal passivation quality.
However, when USS content exceeds 30%, as in US4FA1C and
© 2026 The Author(s). Published by the Royal Society of Chemistry
US5FA0C systems (Fig. 4f and g), passivation quality deterio-
rates. Although early-stage lms (2–3 days) show improved
electronic properties, the 14 days M–S curves exhibit a down-
ward shi and decreased slope, indicating rising donor density
and structural disorder. This is supported by the C–V results,
which show renewed capacitance humps and increased
temporal instability, suggesting enhanced ionic adsorption and
lm heterogeneity. Notably, in US5FA0C, the slope becomes
signicantly less steep at 14 days, implying that excessive USS
introduces microstructural inhomogeneity or reaction product
saturation, impeding lm densication.

The widespread observation of two linear regions in the M–S
plots, which deviates from the single slope of an ideal n-type
semiconductor, points to the presence of multiple donor
levels. As illustrated in the energy band model of Fig. 5, the
dual-linear behavior is attributed to the ionization of two
distinct donor species: the rst linear region corresponds to
shallow donors (e.g., Fe2+ at tetrahedral sites), while the second
reects the contribution of deep donors (e.g., Fe2+ at octahedral
sites) activated at higher potentials.27,58 The capacitance
“humps” observed in C–V plots further corroborate the re-
RSC Adv., 2026, 16, 14361–14377 | 14367
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Fig. 5 Simplified energy level model of a n-type semiconductor in
contact with an electrolyte solution under anodic polarization.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 4

:0
9:

47
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
excitation of these defect states.59 With increasing USS substi-
tution, the C–V proles evolve from pronounced hump features
toward more stable responses, with optimal lms (20–30% USS)
showing minimal humps and stable capacitance, indicating
dense and defect-resistant passive layers. In contrast, insuffi-
cient or excessive USS promotes defect activation, increasing
heterogeneity and compromising long-term lm stability.

To quantify the electronic properties of the n-type passive
lm, the donor densities were determined from M–S analysis.
Assuming the Helmholtz-layer capacitance (CH) is much larger
than the space-charge capacitance (CSC), the measured inter-
facial capacitance satises C z CS, and the M–S relationship
reduces to (eqn (1)):58

1

CSC
2
¼ 2

330NDA2
�
�
E � EFB � KT

e

�
(1)

where 3 is the dielectric constant of the passive lm; 30 is the
permittivity of free space; e is the elementary charge; K is
Boltzmann's constant; T is absolute temperature; E is the
applied potential (vs. SCE); and V is the at-band potential.

For lms exhibiting two n-type donor populations, shallow
donor density (ND1) and deep donor density (ND2) were extracted
from the slopes S1 (low-potential, “shallow” region) and S2
(high-potential, “deep” region) of the linear segments:

ND1 ¼ 2

330eS1

(2)
Fig. 6 (a) ND1 and (b) ND2 of reinforcing steel in different SPS systems.

14368 | RSC Adv., 2026, 16, 14361–14377
ND2 ¼ 2

330eS2

�ND2 (3)

All SPS systems (Fig. 6a) exhibited a pronounced increase in
ND1 from 2 h to 3 days, followed by more gradual changes
through 14 days. Low-USS systems (US0FA5C, US1FA4C)
showed the highest ND1 values at both 3 days and 14 days,
indicating high concentrations of shallow donors that simul-
taneously suggest elevated point defect densities and potential
lm heterogeneity. Medium-USS systems (US2FA3C, US3FA2C)
maintained moderate ND1 values with minimal temporal vari-
ation between 3 days and 14 days, implying stable shallow
donor distributions and denser passive lm structures. In
contrast, high-USS systems (US4FA1C, US5FA0C) displayed the
lowest early-stage ND1 values, with slight 14 days increases likely
attributable to late-stage ion re-adsorption or partial lm
dissolution. As shown in Fig. 6b, ND2 remained negligible at 2 h
for all systems, reecting minimal deep donor ionization
during initial passivation. From 3 days onward, ND2 increased
markedly, peaking at 14 d. High-USS systems (US4FA1C,
US5FA0C) exhibited the most pronounced ND2 growth, with
nal values exceeding 3 × 1020 cm−3, indicating that excessive
USS promotes deep donor formation via enhanced defect
generation and ionic penetration. Medium-USS systems
(US2FA3C, US3FA2C) maintained moderate ND2 levels at 14 d,
demonstrating effective suppression of deep donor states and
superior lm compactness. Low-USS systems (US0FA5C,
US1FA4C) showed limited ND2 growth, though their elevated
ND1 suggests dominance of shallow defects over deep defect
accumulation.

By combining theM–S-derived donor densities (ND1 and ND2)
with the C–V responses, an intermediate USS replacement (20–
30%, i.e., US2FA3C–US3FA2C) is identied as producing the
most compact and electronically stable passive lms. Passive
lms on steel in alkaline/concrete pore solutions typically
exhibit n-type semiconducting behavior with two donor levels,
and donor density is commonly used as an indicator of defect
population and lm protectiveness27, 58. The intermediate-USS
mixes show moderate and time-stable ND1, implying
controlled shallow donors and reduced point-defect activity.
More importantly, their ND2 at later ages is markedly lower than
that of high-USS mixes, suggesting suppressed deep-donor
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09738j


Fig. 7 Depth-profiling XPS reveals the through-thickness evolution of the passive film by tracking Fe 2p with sputtering depth (0–5 nm): (a)
US5FA0C, (b) US3FA2C, and (c) US0FA5C.
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development and a denser inner barrier. This is consistent with
the C–V curves, which display only weak humps and near-
overlapping proles from 3 to 7 days, indicating a compact
and homogeneous lm with a stable interfacial charge
response. These electronic features also agree with the EIS
results, where intermediate-USS systems exhibit higher lm
resistance and more stable capacitive behavior over time.
3.3. Chemical composition of passivation lm

3.3.1. Composition of passive lm. To corroborate the
electrochemical trends, the passive lms were further charac-
terized by XPS (including depth proling), SEM/EDS, and AFM
to resolve chemical states, elemental distribution, morphology,
and surface roughness. The XPS survey spectra of passive lms
formed in US5FA0C, US3FA2C, and US0FA5C reveal predomi-
nant Fe and O signatures, with minor Ca and C contributions
(Fig. 7). As sputtering depth increases (0 to 5 nm), Fe 2p and O
1s peak intensities progressively increase, whereas C 1s and Ca
2p signals steadily decline, indicating that carbon derives
mainly from surface adsorbates and calcium primarily exists as
Ca(OH)2/CaCO3 in the outermost layer. Among the systems, the
high-USS blend (US5FA0C) exhibits signicantly higher Fe 2p
intensity at shallow depths, with persistently strong O 1s at
greater depths, implying both high oxide content and structural
porosity. The medium-USS system (US3FA2C) displays more
stable Fe/O peak proles and a rapidly diminishing Ca signal,
consistent with a denser, homogeneous passive lm.
Conversely, the USS-free system (US0FA5C) shows the strongest
surface Ca signal, denoting signicant deposition. While its
© 2026 The Author(s). Published by the Royal Society of Chemistry
inner layer enriches in Fe oxides, these surface deposits likely
compromise lm compactness.

Fig. 8 presents the high-resolution XPS spectra of Fe 2p and
O 1s for passive lms formed on carbon steel surfaces aer
passivation in different solution systems. The Fe 2p3/2 spectrum
can be deconvoluted into four characteristic peaks, while the
O1s spectrum is associated with three characteristic peaks The
specic parameters of these peaks are summarized in ref.
60–62. As shown in Fig. 8, the depth proles exhibit the char-
acteristic “bilayer” signature of passive lms: the outer layer is
dominated by Fe3+ oxides/hydroxides, transitioning. Inward to
a Fe2+-enriched dense barrier layer. Specically, in the Fe 2p3/2
spectra, peaks associated with Fe3+ oxides/hydroxides (FeOOH,
Fe2O3) and their satellite structures are most intense at the
surface (0 nm) and progressively diminish from 2.5 nm to 5 nm,
whereas Fe2+ peaks (FeO/Fe3O4) increase signicantly with
depth. Correspondingly, in the O 1s spectra, the lattice oxygen
component O-1 increases with depth, while hydroxyl/defect
oxygen O-2 and adsorbed water/carbonate O-3 decrease. This
indicates that the outer layer is more hydroxylated and
adsorption-rich, whereas the inner layer is more oxidized and
structurally compact.

Among the mix proportions, US3FA2C exhibits the most
favorable depth distribution: at 2.5–5 nm, it shows the highest
proportions of Fe2+ and O-1 species, along with the lowest O-2/
O-3 contents. This suggests a thicker, defect-scarce Fe2+-
enriched barrier layer, consistent with its stable M–S and C–V
behavior. In contrast, both US0FA5C and US5FA0C display
stronger signals from Fe3+, –OH, and adsorbed species (O-2, O-
3) at surface/near-surface regions. Although Fe2+ increases at
RSC Adv., 2026, 16, 14361–14377 | 14369
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Fig. 8 High-resolution XPS spectra (Fe 2p and O 1s) identify the chemical states of passive films after 14 days passivation: (a) US5FA0C, (b)
US3FA2C, and (c) US0FA5C.
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5 nm, its proportion remains lower than in US3FA2C, indicating
a looser outer layer with higher defect density, stronger ionic
adsorption, and a relatively weaker inner barrier. These spectral
trends align with electrochemical results, conrming that
moderate USS content (US2FA3C, US3FA2C) favors dense, stable
bilayer passive lm formation, whereas excessively low or high
USS content (US0FA5C, US5FA0C) promotes hydroxylation/
Fig. 9 XPS peak-fitting-derived atomic ratios quantify passive-film chem
tions: (a) comparison among different SPS, and (b) variation with depth.

14370 | RSC Adv., 2026, 16, 14361–14377
adsorption and defect accumulation, compromising the lm's
electronic barrier capability.

Fig. 9 illustrates the compositional distribution and depth
prole of iron species in passive lms formed on carbon steel in
US–FA–C solution. As shown in Fig. 9a, the Fe3+/Fe2+ atomic
ratio in US–FA–C is higher than in ultrane steel slag-cement
(US–C) systems but lower than in FA–C systems, indicating
istry, including Fe oxidation-state and oxide/hydroxide-related frac-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 SEM characterizes passive-film morphology and elemental distribution to evaluate surface integrity and local deposits: (a) US0FA5C, (b)
US3FA2C, and (c) US5FA0C.
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a moderate proportion of high-valence Fe3+ in its passive lm.
Concurrently, the oxides to hydroxides ratio (Fe(ox)/Fe(hyp)) peaks
in US–FA–C, suggesting preferential formation of hydroxides.
This structural feature correlates with enhanced oxidation and
higher fractions of high-valence Fe species, likely due to
synergistic USS–FA promotion of Fe2+ to Fe3+ oxidation. The
moderate water content further implies optimal hydroxylation
for structural stability without excessive hydration.

Fig. 9b reveals a signicant decrease in the Fe3+/Fe2+ ratio
from the outer layer to the metal/lm interface, accompanied by
a corresponding increase in Fe2+ content. This trend reects the
typical bilayer structure: a high-valence (Fe3+-rich) outer layer and
a low-valence (Fe2+-rich) inner layer. Concurrently, the Fe(ox)/
Fe(hyp) slightly increases toward the interface, indicating
a gradual dominance of hydroxides. Combined with the rising
Fe2+ content, this suggests enrichment of hydroxides near the
interface. Water/hydroxyl content decreases inward, conrming
that hydration and adsorption are conned to the outer layer.
These depth proles collectively demonstrate a benecial bilayer
protective structure in US–FA–C systems: a dense outer oxide and
a coherent inner barrier tightly bonded to the substrate.

3.3.2. Thickness of passive lm. Previous electrochemical
analyses indicated comparable protective properties of passive
lms formed on carbon steel in SPS. However, these techniques
lack compositional resolution. To address this gap, XPS analysis
was conducted aer 14 days immersion, corresponding to the
stage where electrochemical tests showed negligible corrosion
rates. Metallic Fe peaks appeared in all samples, conrming
passive lm thicknesses below 10 nm (the maximum
Table 5 EDS results of the corresponding areas in SEM images (wt%)

Region C O Na K Ca Mn Fe

Zone 1 5.37 11.32 1.95 0.35 5.84 0.67 75.81
Zone 2 8.85 37.56 0.85 3.40 30.42 0.25 10.56

© 2026 The Author(s). Published by the Royal Society of Chemistry
photoelectron escape depth). And the lm thickness exhibited
compositional dependence in the sequence: US5FA0C (3.53 nm)
> US3FA2C (3.40 nm) > US0FA5C (3.21 nm). Relative to
US0FA5C, thickness increased by 5.9% for US3FA2C and 10.0%
for US5FA0C, demonstrating distinct USS/FA regulatory effects
on lm growth. This thickening trend correlates directly with
USS-induced pH elevation in the solution.
3.4. Top view morphology of the passive lm

SEM and EDS results (Fig. 10 and Table 5) demonstrate the
signicant impact of USS content on passive lm morphology
and chemistry. In US0FA5C, the lm shows a compact homo-
geneous surface with minimal defects; EDS point analysis
reveals Fe-rich composition, indicating dominant dense iron
oxides. With moderate USS (US3FA2C), localized pits emerge
where defect regions exhibit Ca enrichment and O alongside
reduced Fe, suggesting deposition of Ca-rich phases (e.g.,
CaCO3 or Ca(OH)2) within defects. Excessive USS (US5FA0C)
further degrades morphology, generating widespread porous
deposits prone to initiating localized corrosion.

These ndings indicate that while moderate USS balances
alkalinity and passivation, excessive USS disrupts lm unifor-
mity, creating pathways for corrosive ions that compromise
protective stability.
3.5. Three-dimensional morphology of the passivation lm

Fig. 11 presents AFM surface topography of passive lms
formed on reinforcing steel aer 14 days immersion in SPS with
varying USS ratios. In US0FA5C (Fig. 11a), the lm exhibits
a uniform, wave-like morphology with nely distributed gran-
ular protrusions. Height variations range from −76.9 nm to
84.4 nm, and 3D images shows limited peak-valley uctuations,
indicating a compact, homogeneous structure. In US3FA2C
(Fig. 11b), the surface roughness increases with irregular
RSC Adv., 2026, 16, 14361–14377 | 14371
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Fig. 11 AFM topography maps nanoscale surface morphology and height heterogeneity of passive films after 14 days passivation: (a) US0FA5C,
(b) US3FA2C, and (c) US5FA0C.

Fig. 12 AFM roughness parameters (Ra and Rq) quantify surface
uniformity of passive films in different SPS.
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protrusions/depressions The height range expands to−90.4 nm
to 98.6 nm, and 3D images reveals pronounced local peaks,
suggesting heterogeneous particle deposition and corrosion
product accumulation. This results in slightly reduced unifor-
mity versus US0FA5C. For US5FA0C (Fig. 11c), the lm displays
maximal roughness (−124.3 nm to 132.3 nm) with sharp
protrusions and clustered peaks, denoting severe heterogeneity.
This is attributed to excessive USS promoting localized depo-
sition and nonuniform growth. Collectively, higher USS content
increases surface roughness and degrades lm uniformity,
potentially compromising barrier properties. Fig. 12 presents
the surface roughness of passive lms formed on reinforcing
steel in SPS for US0FA5C, US3FA2C, and US5FA0C. The results
indicate pronounced roughness increases with rising USS
content. The US0FA5C lm exhibited the smoothest surface
(Rq = 22.4 nm, Ra = 17.9 nm). In US3FA2C, Rq and Ra increased
to 27.1 nm (a 20.9% increase) and 21.6 nm (a 20.6% increase)
versus US0FA5C. The US5FA0C system showed the highest
roughness (Rq = 36.4 nm, a 62.5% increase; Ra = 28.4 nm,
a 58.6% increase), conrming a strong positive correlation
between USS content and surface roughness. From a durability
perspective, this roughness elevation expands the passive lm's
14372 | RSC Adv., 2026, 16, 14361–14377
contact area with corrosive media, thereby facilitating Cl−

penetration and impairing long-term concrete durability. These
results highlight the necessity of controlling USS dosage in
concrete mixtures.
3.6. Effect of temperature

3.6.1. Charge transfer resistance of passive lm. Fig. 13
shows the evolution of Nyquist plots for US3FA2C at 20 °C
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Nyquist plots of US3FA2C passive film of the reinforcing steel passivated in different temperatures: (a) 20 °C, (b) 30 °C, (c) 40 °C and (d)
50 °C.

Fig. 14 Rp of reinforcing steel in different temperatures.
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(room temperature), 30 °C, 40 °C, and 50 °C. All plots exhibit
near-semicircular shapes with progressively expanding radii
over immersion time, indicating continuous enhancement of
lm impedance and protectiveness. However, both the growth
rate and stabilized impedance magnitude varied signicantly
with temperature. At 20 °C, impedance increased most signi-
cantly, achieving the largest semicircle radius aer 14 d,
denoting optimal lm density and stability. At 30 °C, the
evolution resembled 20 °C but with a marginally lower nal
value, implying minimal detrimental effects. At 40 °C, despite
rapid initial growth, the nal radius was substantially smaller
than at lower temperatures, indicating that elevated tempera-
ture promotes defect generation/ion penetration, thereby
reducing stability. At 50 °C, impedance growth was severely
limited, with the 14 days radius reaching only 30–50% of the
20 °C value, conrming signicant protection loss due to
structural loosening, cracking, and pore formation. These
results demonstrate that temperatures above 40 °C severely
Fig. 15 M–S plots of US3FA2C passive film of the reinforcing steel passiva

© 2026 The Author(s). Published by the Royal Society of Chemistry
degrade long-term impedance, while 30 °C preserves lm
integrity.

Fig. 14 shows that for all temperatures, the Rp increases
substantially from 2 h to 14 d, conrming that prolonged
immersion enhances passive lm protection in the US3FA2C
system. At 20 °C, Rp rises from 233.6 kU cm2 to 1602 kU cm2 (an
increase of 686%), accompanied by a slight decrease in the
constant phase element exponent n from 0.93 to 0.92, indi-
cating that the lm remains highly capacitive and compact. At
30 °C, a similar trend is observed, but the nal Rp (1140 kU cm2)
is lower than at 20 °C, suggesting moderate thermal degrada-
tion of the lm. At 40 °C, the Rp growth markedly slows,
reaching only 650 kU cm2 at 14 d, indicating that higher
temperatures signicantly compromise lm integrity. The most
severe deterioration is seen at 50 °C, where Rp increases only
from 118 kU cm2 to 523 kU cm2, and n decreases to 0.88,
reecting increased surface heterogeneity and porosity. The Y0
values generally increase with time and temperature, consistent
with enhanced ionic conductivity and reduced barrier proper-
ties at elevated temperatures. Collectively, the results indicate
that while passivation deteriorates over time at all tempera-
tures, temperatures above 30 °C begin to reduce lm resistance,
with degradation becoming pronounced at 40 °C and especially
severe compromise at 50 °C.

3.6.2. Electronic performance of passive lm. At 20 °C
(Fig. 15a), the C−2 of the passive lm increases signicantly with
immersion time, with the overall curve shiing downward and
the slope gradually decreasing. This indicates that over time,
both the space-charge layer capacitance decreases and the
depletion layer width increases, which, in the context of passive
lm growth, reects a gradual increase in lm thickness;
furthermore, the decreasing slope suggests a marked increase
in defect concentration (acceptor density). As immersion time
ted in different temperatures: (a) 20 °C, (b) 30 °C, (c) 40 °C and (d) 50 °C.
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Fig. 16 High-resolution XPS tracks temperature-dependent changes in Fe 2p and O 1s chemical states of the passive film in US3FA2C: (a) 30 °C,
(b) 40 °C, and (c) 50 °C.
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proceeds, the rates of change of these parameters slow down
and tend to stabilize. This implies that at ambient temperature,
the passive lm can continue to grow, with its structure
becoming progressively denser, and its electrical properties
Fig. 17 Atomic ratios of iron species in the passive film on steel
immersed in US3FA2C solution at different temperatures.

14374 | RSC Adv., 2026, 16, 14361–14377
approaching stability, thereby enhancing its protective
performance.

At 30 °C (Fig. 15b), although the C−2 curve shows a similar
downward trend to 20 °C, its values are consistently lower. This
suggests slightly higher carrier concentration and reduced
structural compactness compared to 20 °C. At 40 °C (Fig. 15c),
defect concentrations exceed those at lower temperatures with
limited curve shiing, indicating suppressed defect repair and
lm densication. At 50 °C (Fig. 15d), defect concentration
peaks among tested temperatures and the downward trend
weakens signicantly, demonstrating that elevated temperature
promotes defect generation/accumulation, severely degrading
lm stability and protectiveness. Collectively, rising tempera-
ture accelerates initial lm formation but exacerbates defect
accumulation and compromises long-term protection, with
degradation apparent above 40 °C and most severe at 50 °C.

3.6.3. Composition of passive lm. Fig. 16 displays the
high-resolution Fe 2p and O 1s XPS spectra of passive lms
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Proposed mechanism and key outcomes linking USS/FA ratio to pore-solution chemistry and passive-film evolution on steel (optimal
USS: 20–30%).
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formed on reinforcing steel in US3FA2C solutions at various
temperatures. Compared to 20 °C, the relative intensity of Fe3+

species increases at 40 °C and further rises at 50 °C, while Fe2+

contributions diminish. This indicates enhanced oxidation
alongside elevated defect generation tendencies at higher
temperatures. Concurrently, the O-1 fraction slightly decreases
with rising temperature, whereas O-2 and O-3 fractions
increase, revealing enhanced hydroxylation and adsorbed
surface species. These trends reect higher defect density and
passive lm hydration at 40–50 °C, correlating with reduced
structural compactness and compromised long-term protective
capacity.

At 20 °C, the passive lm exhibits an optimal Fe3+/Fe2+ ratio
and higher Fe(ox)/Fe(hyd) ratio, indicating an ordered crystal
structure with reduced ionic transport pathways. This yields Rp

nearly 47% higher than lms formed at 40 °C, conrming
superior passivation. Notably at 50 °C (Fig. 17), the Fe(ox)/Fe(hyd)
ratio drops to 1.36. This compositional shi combines with
increased defect density and elevated chemisorbed water (H2O
component increasing by 32% in O 1s) to synergistically
degrade lm integrity. The mechanism involves intrinsic
hygroscopicity of FeOOH, which promotes capillary-driven
water enrichment at defects, forming nanoscale percolating
hydration pathways. These structural heterogeneities substan-
tially lower the diffusion barrier for Cl−.9
3.7. Literature comparison and scheme summary

To position the present ndings relative to representative
reports, a comparison is summarized in Table S1. A comparison
with representative literature on steel passivation in simulated
pore solutions and blended-binder systems is provided in Table
S1, highlighting that the present work uniquely links USS-
driven ionic redistribution to passive-lm electronic defect
descriptors (ND1/ND2 and C–V) and cross-validates them with
EIS to identify an optimal USS replacement window (20–30%).
The proposed mechanism and key achievements, including the
optimal USS window (20–30%), are summarized in Fig. 18.
© 2026 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions

This study investigates the synergistic effects of USS and FA
along with varying temperature on the passivation kinetics and
stability of passive lms on reinforcing steel in USS – FA -OPC
ternary systems. The pore solution chemistry, electrochemical
properties, semiconductor behavior, lm composition and
morphology were systematically analyzed. Based on experi-
mental ndings and preceding discussions, the following
conclusions are drawn:

(1) The incorporation of 50% FA signicantly enriches K+ in
the pore solution but reduces pH to 12.56, below the passivation
threshold. A 30% USS content optimally counteracts this effect
by dissolving Ca-bearing phases, restoring pH to 12.95, and re-
establishing an alkalinity level conducive to stable passivation.

(2) Passivation kinetics and lm stability are highly sensitive
to the USS/FA ratio, with the 30% USS blend exhibiting the most
favorable performance. This formulation achieves rapid
potential stabilization and the highest charge-transfer resis-
tance over 14 days, indicating a dense and durable passive layer.
In contrast, high-FA systems passivate slowly due to inadequate
alkalinity, while high-USS systems form heterogeneous lms
with compromised long-term stability.

(3) The semiconductor properties of the passive lm are
governed by USS content. The optimal USS–FA blend minimizes
both ND1 and ND2 donor densities, leading to a compact and
defect-resistant lm. Deviations from this optimum signi-
cantly increase defect densities, particularly ND2 in high-USS
systems, aggravating deep-layer disorder and ionic
permeability.

(4) A moderate USS content promotes the formation of
a superior bilayer structure, characterized by a Fe3+-rich outer
layer and a Fe2+-enriched inner barrier. This conguration, rich
in lattice oxygen and low in hydroxyl/water content within the
2.5–5 nm region of the passive lm, ensures high density and
excellent barrier properties. Excessive FA encourages defective
Ca-rich deposits, while high USS increases porosity and ionic
ingress.
RSC Adv., 2026, 16, 14361–14377 | 14375
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(5) USS dosage critically inuences lm morphology and
roughness. While low USS yields a smooth, compact lm, and
moderate USS slightly increases roughness (nearly 21%) while
maintaining integrity, excessive USS (50%) raises roughness by
over 60%, resulting in porous, heterogeneous lms with
elevated susceptibility to chloride penetration.

(6) Temperature exerts a critical inuence on lm stability.
Optimal passivation occurs at #30 °C, whereas temperatures
$40 °C promote defect formation, increase hydration, reduce
Fe2+ content, and elevate adsorbed water, collectively leading to
a more permeable and less protective lm.

These ndings provide a mechanistic basis for optimizing
waste-incorporated low-carbon cementitious systems, bridging
the gap between solid waste valorization and composition-
driven durability design in sustainable construction. Future
perspectives and challenges. The proposed optimal USS window
and the associated electronic indicators should be validated in
mortar/concrete specimens under realistic chloride ingress and
carbonation, where transport and microcracking may alter
passivation kinetics. The coupled effects of temperature and
oxygen availability also warrant long-term evaluation, because
pore solution chemistry and lm structure evolve with hydra-
tion and aging. In addition, interactions with aggressive or
competitive ions (e.g., Cl− and SO4

2−) should be systematically
assessed to clarify their roles in deep-donor activation and
inner-barrier stability.
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