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Abstract: Corrosion is one of the causes of failure in reinforced concrete structures, and
forming a passive film on the steel is essential for protection. Although several studies
have looked at passive film formation in concrete pore solutions, few have considered
its formation in hardened concrete and the influence of silica fume (SF) in the binder
composition. This study aims to evaluate the influence of the SF content on passive film
formation time in concrete. Periodic measurements assessed the electrical resistivity and
corrosion current density of concrete samples containing 5%, 10%, 15%, and 20% SF. The
alkalinity of the mixtures and the kinetics of the pozzolanic reaction were also monitored
by XRD and titration tests. The control mixtures exhibited susceptibility to corrosion,
regardless of the curing age evaluated. In contrast, the partial replacement of cement with
SF accelerated the formation of the passive film on the steel surface, suggesting a delayed
onset of corrosion due to modifications in the physical properties of the concrete. Also,
the portlandite content and pH can predict passive film formation, with SF significantly
accelerating this process.

Keywords: silica fume; passive film formation; corrosion current density; electrical resistivity;
portlandite content

1. Introduction
Corrosion is the primary failure mechanism in reinforced concrete structures [1–3].

Currently, especially as a result of climate change, the corrosion process is occurring at
an accelerated rate [4,5]. Studies have shown that increasing the ambient temperature
accelerates the diffusion of chlorides, with a direct impact on corrosion [5]. The same
effect occurs with carbonation [6]. In this context, the passive film is the main form of
protection of the steel rebar against it. It consists of a thin layer formed on the steel’s
surface under an alkaline environment (pH > 12.5), which has a high ohmic resistivity
and negligible corrosion rate. Its formation is a dissolution–precipitation process, which
consists of the dissolution of metallic cations in the alkaline solution and the precipitation
of oxides/hydroxides on the metal surface [7].

The passive film has a layered structure, with an inner layer that forms and completely
covers the metal. It then grows until it reaches a steady state that ensures full passivation [8].
According to Mudra et al. [9] and Williamson and Isgor [10], its thickness is directly
proportional to the alkalinity of the medium. The precipitation of Fe oxides/hydroxides
becomes harder in lower-pH media (pH < 11.5) due to the diluted OH− ions, which
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promote the solubility of Fe species at the film/solution interface [11,12]. Thus, an increased
concentration of OH− in the pore solution of reinforced concrete structures results in a
lower probability of corrosion and a higher degree of rebar passivation.

The passivation time is an important item of information regarding the durability
of concrete structures exposed to severe environments, since the passive film is the main
protection against steel rebars’ corrosion and structure failure. Many authors have studied
this parameter using bars immersed in synthetic concrete/mortar pore solutions, as shown
in Table 1. However, the passive film formation in solution does not indicate the real-time
passivation in hardened cementitious materials, requiring more time to stabilize in the
latter [7,13]. Nevertheless, researchers rarely use hardened concrete or mortar to estimate
the time required for the formation of this protective layer. Only Ortolan, Mancio, and
Tutikian [14] have used silica fume (SF) in a binder composition.

Table 1. Studies about the formation time for the passivation film of steel.

Paper Saturated Calcium
Hydroxide Solution

Concrete/Mortar
Pore Solution

Hardened
Concrete/Mortar

[15] X

[10,16] X X

[9,17–24] X

[7] X X

[14,25,26], Present Study X
Note: Database: Science Direct; Search Words: “passive film formation” AND “concrete” AND (“calcium
hydroxide solution” OR “Concrete pore solution” OR “Mortar pore solution” OR “hardened concrete” OR
“hardened mortar”); Period: 2015 to 2024.

According to Poursaee and Hansson [13], despite the high alkalinity of Portland
cement composites, the passivation of reinforcing steel is not an instantaneous process;
it requires at least 7 days for its complete formation in mortars with a water/cement
(w/c) ratio of 0.45. This time increases when steel is inside concrete samples with a
0.50 w/c ratio, varying from 20 to 80 days [7,25]. Moreover, the time of rebar passivation in
concrete increases with the decrease in the w/c ratio. Fan et al. [26] verified, through linear
polarization resistance (LPR), that ultra-high-performance concretes (UHPCs) with a w/c
ratio approximately equal to 0.16 and different contents of lightweight sand reached the
low corrosion level zone between 20 and 120 days when considering B = 52 mV, where B is
the Stern–Geary constant, used in LPR to calculate the corrosion current density. However,
none entered the passivity zone (icorr < 0.1 µA/cm2) after 147 days of analysis. When
combining the LPR and Tafel polarization test for each composition, the rebars were in the
passive state in all UHPC samples throughout the test period of 147 days.

Despite the increase in mechanical strength, improvement of transport properties, and
electrochemical behavior, concrete incorporating SF has a lower cement content due to its
partial substitution and, consequently, promotes a less alkaline environment [27] and a
more sustainable mixture [28]. The pozzolanic activity decreases the availability of calcium
hydroxide, favoring a reduction in the pore solution alkalinity, which affects passivation
layer formation on steel in reinforced concrete [29].

Yet, contrary to expectations, Ortolan, Mancio, and Tutikian [14] observed, through
polarization resistance (Rp), that steel achieved the negligible zone of corrosion first in
concrete with a w/c equal to 0.65 and partial replacement of cement by 5 and 10% of
SF when compared with those without it, even though the OH− concentration and pH
were reduced. These authors verified the formation of a passive film after 3 days for
concretes with 10% of SF, whereas in the control mix, passivation of the steel reinforcement
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occurred only after 28 days. Oliveira and Cascudo [30] also showed that concrete with
partial replacement of cement by SF presented electric resistivity corresponding to the zone
of negligible probability of corrosion after 91 days of curing, whereas concrete samples
without SF remained in the zone of moderate probability of corrosion after 650 days. This
was reflected in a denser and more compact microstructure of concrete with SF, as well as a
pore solution with lower conductivity, indicating the higher potential of durability of steel
rebars due to the increased difficulty in the initiation and propagation of corrosion.

Despite the many research projects regarding passive film formation in synthetic
solutions, which can simulate the presence of pozzolanic additions, no one has shown the
influence of SF content on time for passive film formation using steel rebars embedded in
hardened concrete. This study aimed to evaluate the passivation time of steel rebar, through
electrochemical tests, inside a concrete sample containing SF as a partial replacement for
cement at 5, 10, 15, and 20% (by weight). The electrochemical (current density and electrical
resistivity) and chemical analyses (pH and XRD) support the discussions of the necessary
time for passive film formation in steel rebars inside hardened concrete during 105 days of
aging. The hypothesis raised is that, despite the decrease in pH due to pozzolanic reactions,
using SF as a partial replacement of cement would improve the time of steel’s passive film
formation in hardened concrete samples, and the higher the content, the faster its formation.
Thus, the combined analysis proposed here makes it possible to state the optimum content
of SF for concrete structures regarding steel rebar protection against corrosion.

2. Materials and Methods
2.1. Materials

The experimental study consisted of casting reinforced concrete samples for elec-
trochemical tests and cement pastes for chemical analysis. The binder in both mixtures
resulted from combining commercial cement and silica fume in varying proportions.

CPV-ARI cement, equivalent to type III cement [31], was chosen because it has the
lowest mineral addition content (<10%), allowing for a clearer analysis of the influence
of substituting cement with SF. Table 2 shows the physical characteristics of this cement
provided by the cement producer. The company Tecnosil (Campinas, Brazil) provided the
silica fume. Table 3 shows the chemical composition of both binding materials obtained
by X-ray fluorescence spectrometry. The fine fraction of the materials (<0.075 mm) was
analyzed using a Shimadzu EDX-720 energy-dispersive X-ray fluorescence spectrometer.

Table 2. Characterization of Portland cement.

Fineness Setting Time Compressive Strength (MPa) Chemical Requirements (%)
Blaine
(cm2/g)

#200
(%)

Start
(min)

End
(min) 1 Day 3 Days 7 Days 28 Days Insoluble

Residue
Loss in

Ignition (%)

4710 0.3 250 310 22.2 37.1 41.5 49.2 0.40 3.20

Table 3. X-ray fluorescence of Portland cement and silica fume (wt.%).

Sample Chemical Composition (%)
CaO SiO2 Al2O3 SO3 Fe2O3 MgO K2O TiO2 Na2O5

CPV-ARI 62.75 19.2 4.19 3.04 2.85 2.54 1.68 0.17 0.05
SF 0.51 92.49 1.91 2.08 0.13 - 2.76 - -

The specific mass (1.95 g/cm3) was determined according to the Le Chatelier method.
The specific area (20.238 m2/kg) was obtained using the liquid N2 adsorption technique
via Micromeritics Gemini 2380 equipment. The loss on ignition (2.70%) was determined in
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a muffle furnace at 1000 ◦C. The modified Chapelle test was performed to investigate the
SF pozzolanic activity by NBR 15895 [32]. The result, obtained by titration and expressed
by the amount of calcium hydroxide fixed per gram of mineral addition, was 1542 mg
Ca(OH)2/g of SF. This value is 253% higher than the limit indicated by Raverdy et al. [33]
as a characteristic of a pozzolanic material (436 mg Ca(OH)2/g of pozzolan), confirming
the high reactivity of the SF used in this study.

The aggregates for concrete samples were natural quartz sand with a fineness module
of 2.24 and a specific mass of 2.62 g/cm3 and basaltic gravel with a maximum diameter
of 12.5 mm and a specific mass of 2.88 g/cm3. A third-generation polycarboxylate-based
superplasticizer additive was also used, with a specific mass of 1.10 ± 0.02 g/cm3 and a
recommended dosage of 0.3 to 2.0% of the weight of cement, as informed by the producer.

Gerdau’s carbon steel bars (Curitiba, Brazil) with an 8 mm diameter, 500 MPa yield
stress, 550 MPa tensile strength, and a minimum elongation of 8% in bars with a 10 mm
diameter [34] were used as reinforcement in the concrete samples.

2.2. Sample Mixing, Casting, and Preparation

The mixing proportions of the concrete samples included partial cement replacement
by SF with contents of 5, 10, 15, and 20% by weight (Table 4). The water/binder ratio (w/b)
was kept constant, and the superplasticizer additive was used to achieve a 100 ± 20 mm
slump value.

Table 4. Concrete mixing proportion.

Mix Binder Cement (kg) Silica Fume (kg) Sand (kg) Gravel (kg) w/b Additive *

Control mix 1.0 1.00 0.00 3.05 3.74 0.58 -
SF-5% 1.0 0.95 0.05 3.05 3.74 0.58 0.30%

SF-10% 1.0 0.90 0.10 3.05 3.74 0.58 0.32%
SF-15% 1.0 0.85 0.15 3.05 3.74 0.58 0.32%
SF-20% 1.0 0.80 0.20 3.05 3.74 0.58 0.35%

* Superplasticizer in relation to cement weight.

The concrete samples consisted of 3 cylinders with dimensions of Ø10 × 20 cm to
determine the compressive strength at 28 days, according to NBR 5739 [35].

Two prismatic samples (25 × 25 × 7 cm3) of reinforced concrete were cast for each
mix to evaluate the formation of the passive film through electrochemical techniques. The
concrete was cast in one layer and vibrated on a 50 × 50 cm vibrating table for 20 s. Two
steel bars were positioned in each sample, with a 3.1 cm cover (Figure 1). In these samples,
the portion of the steel bars not embedded in concrete was coated with epoxy to prevent
corrosion. Since each specimen had two steel bars, the electrochemical evaluation was
based on four values per sample (two measurements per bar), performed at hydration ages
of 14, 38, 55, 69, and 105 days.

Finally, cement pastes, with the same SF contents and w/b ratios, were prepared to
evaluate the consumption and formation of hydrated compounds, as well as the pH of the
mix. The mixing procedure of cement pastes followed the recommendations of NBR NM
5739 [35], and cylindrical samples (Ø10 × 20 mm) were cast, with three samples per group.

All samples (concrete, reinforced concrete, and cement paste) were cured in a humid
chamber with humidity above 95% and a temperature of 22 ± 2 ◦C until the age of analysis.



Corros. Mater. Degrad. 2025, 6, 3 5 of 18

Corros. Mater. Degrad. 2025, 6, x FOR PEER REVIEW 5 of 20 
 

 

 

Figure 1. Dimensions of prismatic sample of reinforced concrete for electrochemical evaluation. 

Finally, cement pastes, with the same SF contents and w/b ratios, were prepared to 
evaluate the consumption and formation of hydrated compounds, as well as the pH of the 
mix. The mixing procedure of cement pastes followed the recommendations of NBR NM 
5739 [35], and cylindrical samples (Ø10 × 20 mm) were cast, with three samples per group. 

All samples (concrete, reinforced concrete, and cement paste) were cured in a humid 
chamber with humidity above 95% and a temperature of 22 ± 2 °C until the age of analysis. 

To conduct the tests on the cement pastes, hydration was suspended at the specified 
ages by immersing the small cement paste pieces in acetone P.A., followed by drying in 
an oven at 40 ± 5 °C until constant mass. The procedure adopted was based on Neithalath 
et al.’s [36] work and the criticism provided by Hoppe Filho et al. [37] regarding the tem-
perature of drying used by the former (105 °C). Therefore, in the present study, the drying 
temperature was modified to prevent the desaturation, gel water desorption, and partial 
dehydration of the hydrated products of the cement pastes. To evaluate the kinetics of the 
hydration products and silica fume, tests were performed between 28 and 105 days. 

2.3. Electrochemical Monitoring 

The electrical resistivity test was performed on reinforced concrete samples using the 
four-point method (the Wenner method). Measurements were taken at the center of the 
samples, with the equipment positioned parallel to the steel bars, thus avoiding interfer-
ence between the metallic elements. 

Corrosion was evaluated using the linear polarization resistance (LPR) method with 
the modulated confinement of current (MCC) technique. The equipment employed was a 
Gecor 10 field potentiostat from GEOCISA (Madrid, Spain), which uses the linear polari-
zation resistance technique to determine the corrosion current density (icorr), as indicated 
by Equation (1). Table 5, in turn, was used as a reference for classifying the results of elec-
trical resistivity and icorr [38]. 

P
corr R

B
i   (1)

where B is the Stern–Geary constant, with a value equal to 52 mV, and Rp is the linear 
polarization resistance, in kΩ × m2. 

  

Figure 1. Dimensions of prismatic sample of reinforced concrete for electrochemical evaluation.

To conduct the tests on the cement pastes, hydration was suspended at the specified
ages by immersing the small cement paste pieces in acetone P.A., followed by drying in an
oven at 40 ± 5 ◦C until constant mass. The procedure adopted was based on Neithalath
et al.’s [36] work and the criticism provided by Hoppe Filho et al. [37] regarding the
temperature of drying used by the former (105 ◦C). Therefore, in the present study, the
drying temperature was modified to prevent the desaturation, gel water desorption, and
partial dehydration of the hydrated products of the cement pastes. To evaluate the kinetics
of the hydration products and silica fume, tests were performed between 28 and 105 days.

2.3. Electrochemical Monitoring

The electrical resistivity test was performed on reinforced concrete samples using the
four-point method (the Wenner method). Measurements were taken at the center of the
samples, with the equipment positioned parallel to the steel bars, thus avoiding interference
between the metallic elements.

Corrosion was evaluated using the linear polarization resistance (LPR) method with
the modulated confinement of current (MCC) technique. The equipment employed was a
Gecor 10 field potentiostat from GEOCISA (Madrid, Spain), which uses the linear polariza-
tion resistance technique to determine the corrosion current density (icorr), as indicated by
Equation (1). Table 5, in turn, was used as a reference for classifying the results of electrical
resistivity and icorr [38].

icorr =
B

RP
(1)

where B is the Stern–Geary constant, with a value equal to 52 mV, and Rp is the linear
polarization resistance, in kΩ × m2.

Table 5. Parameters for analysis of the possibility or level of corrosion of rebar in concrete samples [35].

Resistivity (kΩ.cm) Possibility/Corrosion Level icorr (µA/cm2)

<10 High >1.0
10–50 Moderate 1.0–0.5

50–100 Low 0.5–0.1
>100 Negligible <0.1

It is worth mentioning regarding the corrosion rate that there is a zone of uncertainty
between icorr values of 0.1 (negligible corrosion) and 0.2 µA/cm2 (low active corrosion
level) [39]. Therefore, some authors have stated that only an icorr > (0.1–0.2) should be
considered as a risk to the durability of reinforced concrete [40]. Andrade and Alonso [38]
reaffirm that icorr values below 0.1 µA/cm2 indicate negligible corrosion, so that passive
film in the reinforcement rebar can be considered in a steady state.
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The 0.1 to 0.2 µA/cm2 range is a transition zone between the passive and active
corrosion states. Due to the factor-2 error inherent in the Stern–Geary formula, which
results from uncertainties in corrosion parameters [41], a value of 0.2 µA/cm2 can be
interpreted as equivalent to 0.1 µA/cm2. For this reason, it is recommended to use
0.2 µA/cm2 as the limit for depassivation. Thus, many authors consider that readings
within this range indicate that the steel remains in a passive state, without significant active
corrosion [13,14]. Based on the information presented in this paper, only icorr values above
0.2 µA/cm2 were considered as indicative of active corrosion in terms of application in
reinforced concrete.

2.4. Monitoring of Hydration Kinetics

Hydration kinetics assessment was performed with X-ray diffraction, using the Shi-
matzu Co. model XRC-7000 device operating at 40 kV, 20 mA. The test parameters were as
follows: 5◦ to 70◦ angle, 0.02◦ step, and 1.2◦/min scan speed. The data were analyzed using
the Crystallographica Search-Match software from Oxford Cryosystems–United Kingdom
(v. 2.1.1.1).

The analysis of OH− ions was performed by volumetric neutralization titration of
an alkaline solution obtained from cement paste solubilization [42,43]. This procedure
consisted of diluting 0.50 g of previously milled and hydration-stopped paste in a plastic
Erlenmeyer flask containing approximately 200 mL of distilled water for 24 h. The titration
process was performed in an aliquot of 50 mL of the initial sample, using 0.1 M hydrochloric
acid (HCl) and a blue alcohol solution of bromothymol as a colorimetric indicator, which
shows a blue color for basic pH and yellow for acidic pH (turning zone: 7.6 to 6.0). With
the volume of acid consumed, the concentration of OH− (mol/L) and the pH of the studied
solution can be estimated through Equations (2) and (3).

[OH−] =
VHCl × CHCl × fc

VS
(2)

pH = − log
(

10−14

[OH−]

)
(3)

where [OH−] = the concentration of hydroxyl ions (mmol/L), VHCl = the volume of acid
consumed (L), CHCl = the concentration of HCl, fc = the correction factor, and Vs = the
volume of the aliquot used in the titration (L).

3. Results
3.1. Compressive Strength of Concrete Samples

Figure 2 shows the compressive strength results for the concrete samples on the 28th
day of hydration.

The different replacements of cement by SF were observed to have statistically influ-
enced the compressive strength of the concrete samples at 28 days through the one-way
variance method (ANOVA) with a significance level of 5%. According to Duan et al. [44],
SF improves the compressive strength of concrete due to the enhancement of microstruc-
ture, since fine particles fill the gaps between cement particles, hydration products, and
aggregates, leading to a denser pore structure as well as a denser interfacial transition zone.
According to a multiple-variance analysis (the Tukey test), the only statistically different
result was the compressive strength of concrete containing 15% SF, with an increase of 37%
compared to the control mix.
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Figure 2. Compressive strength of concrete samples at 28 days.

Behnood and Golafshani [45] stated that the compressive strength of SF concretes
increases linearly, varying the SF content from 0 to 30%. However, in this study, the 20% SF
content reduced compressive strength by 21% compared to 15% SF. According to Hermann
et al. [46], the increase in fine particles that quantitatively exceed the void volume between
Portland cement grains promotes the opposite phenomenon of the filler effect, i.e., the
spacing of these grains. This spacing effect likely led to reduced particle packing density,
compromising the overall compressive strength of the concrete.

Thus, noticeably, there was an optimal point in the cement replacement to maximize
the compressive strength of the concrete in the present study at 28 days, namely, the 15%
substitution of cement by SF. Some research also showed the optimum content of 15% of SF
in cement replacement regarding the compressive strength of concretes at 28 days [47,48].
According to Bhanja and Segunpta [49], the optimum replacement content of SF for 28-day
strength is not constant and depends on several factors, such as the w/b ratio, the fineness
of SF, and the maximum dimension of aggregates.

3.2. Electrochemical Monitoring Focusing on Passive Film Formation

The electrical resistivity of the concrete mixes was evaluated to assess the potential for
steel corrosion. Figure 3 shows the electrical resistivity data over time.
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All mixes showed increased electrical resistivity over time, since it is related to the
degree of hydration of cement and the microstructural change in pore interconnectivity,
as observed in other studies [14,50]. Concrete’s electrical resistivity increased with the
increase in SF content, being more evident the greater the amount of SF. After 105 days of
curing, the SF-20% mix presented an electrical resistivity about 5.6 times greater than the
control mix, and the mixes containing 5, 10, and 15% of SF showed an increase of 3.1, 3.8,
and 4.6 times, respectively.

SF significantly alters the microstructure of concretes, not only through the filler effect,
which promotes the densification of the paste, but also by decreasing the critical pore
diameter through the deposition of products from pozzolanic reactions [51–53]. Moreover,
the reduction in ion concentration in the pore solution, resulting from pozzolanic activity,
decreases the mobility of electrons and enhances the resistance against charge transfer,
contributing to an increase in electrical resistivity [27].

Considering the corrosion risk classification for concretes produced with Portland
cement regarding their electrical resistivity, suggested by Rilem TC 154-EMC [38], concretes
with 10, 15, and 20% SF reached the zone where their electrical resistivity was high enough
to make corrosion of steel inside the hardened concrete negligible within 30 to 45 days.
Concrete samples with 5% cement replacement required more than 60 days to reach an
electrical resistivity of 100 kΩ.cm. On the other hand, the control mix took about 100 days
to migrate from a moderate to a low probability zone of corrosion and did not achieve the
negligible corrosion zone until the end of the study analysis.

The corrosion current density (icorr) is a reliable parameter for monitoring the corrosion
mechanism in steel rebar, also indicating passive film formation when stated at a negligible
level of corrosion. Figure 4 shows the monitoring data of corrosion current density and the
corrosion level indicated according to Andrade and Alonso [38].
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The control mix presented the higher icorr on the 14th hydration day (0.64 µA/cm2),
placing it within the moderate corrosion zone. On the other hand, all concretes with SF
presented low corrosion levels since the first age of analysis, with icorr values equal to 0.39,
0.27, 0.42, and 0.25 µA/cm2 for mixes containing 5, 10, 15, and 20% of SF, respectively.
Over time, all mixes showed a decrease in icorr. The corrosion current density decreased
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over time due to the passive film formation on the steel surface, pushed by the increase
in electrical resistivity resulting from the progressive cement hydration. At the end of
105 days, samples containing SF showed values below 0.1 µA/cm2, indicating the formation
of a stable passive film.

Considering the passivation limit of 0.1 µA/cm2, the higher the SF content in concrete,
the faster it enters the zone where the corrosion is considered negligible, indicating the
formation of passive film on the reinforcement surface. Concrete with 20% SF showed an
icorr below 0.1 µA/cm2 after 30 days, while concrete samples with 10 and 15% SF took
about 50 days. Concrete with 5% SF required about 100 days to achieve the same result.

The faster passive film formation on steel inside the concrete samples containing SF
was unexpected, since the high alkalinity is essential for its growth, and the pozzolanic
reactions are responsible for the consumption of calcium hydroxide, decreasing the pH of
the pore solution [10]. Moreover, the higher the amount of SF, the faster the icorr achieved
the limit of 0.1 µA/cm2, indicating faster passive film formation and higher protection
against an aggressive environment.

Considering the limit of 0.1 µA/cm2 as a decision criterion for steel passivation, the
control mix did not indicate effective protection against corrosion after 105 days, showing
an icorr equal to 0.17 µA/cm2. However, by increasing the decision criterion to 0.2 µA/cm2,
as some authors have [13,14], passive film formation of the control mix happened on the
38th day of age. It is possible to verify through Figure 5 that, considering the limit of
0.1 µA/cm2 to indicate the negligible level of corrosion, the passivation time of all samples
increased when compared to the limit of 0.2 µA/cm2.
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Figure 5. Passivation time for concretes with different contents of SF (concrete test). Note: the arrow
at 0% content illustrates that the passivation time was beyond 105 days.

The change in the icorr limit from 0.1 µA/cm2 to 0.2 µA/cm2 promoted a decrease
in the time required for passive film formation of the mixes containing SF, this being
about 57, 52, 36, and 40% lower for mixes with 5, 10, 15, and 20% SF, respectively. In this
configuration, it was not possible to observe a tendency of behavior between the samples,
and concrete with 20% SF was the one that allowed the faster passive film formation on
steel, at the 20th day of age. Following this trend, samples containing 10, 15, and 5% SF
presented the following respective times for passivation: 23, 34, and 44 days.

Despite the longer time for evaluation, analyses using the limit of 0.1 µA/cm2 are
more reliable since they provide greater certainty of passive film formation. Also, the data
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obtained showed a better tendency regarding the effect of SF content on steel passivation
within hardened concrete samples with the limit of 0.1 µA/cm2.

Thus, the partial replacement of cement by SF with contents ranging from 5 to 20%
improved the protection of steel inside hardened concrete against corrosion. For these
mixes, passive film formation occurred earlier than in the control mix, and their electrical
resistivity increased, indicating a delayed onset of corrosion due to changes in the physical
characteristics of the concrete.

On the other hand, after 105 days, the control mix did not achieve the icorr limit of
0.1 µA/cm2 and the negligible zone of risk of corrosion (100 kΩ.cm), indicating that the
passive film had not yet stabilized. Therefore, the steel rebar in the control mix concrete was
still not protected against corrosion and would require a longer period of electrochemical
analysis to ensure passive film formation.

3.3. Monitoring of Hydration Reaction Kinetics

The study also monitored the kinetics of the chemical reactions to understand the
influence of pH and the formation of hydration phases on passive film formation. Titration
estimated the OH− ion concentration and pH values of the cement pastes at 28 and 105
days of hydration. Table 6 shows the test results.

Table 6. pH values of cement pastes containing different contents of SF.

MIX
28 Days 105 Days

OH− (mmol/L) pH OH− (mmol/L) pH

Control mix 17.0 12.2 16.0 12.2
SF-5% 13.8 12.1 12.8 12.1
SF-10% 13.5 12.1 11.4 12.1
SF-15% 10.7 12.0 7.2 11.9
SF-20% 11.1 12.0 6.8 11.8

All mixes presented a pH below 12.6, which is the value cited by Mehta and Mon-
teiro [54] as the minimum limit for steel reinforcement protection against corrosion. The
lower pH is responsible for the lower corrosion resistance of the surface film due to the
gradual destruction of protective Fe oxides [55]. However, Ai et al. [56] observed that, be-
sides a decline in the passivity of carbon steel with lower alkalinity, passive film formation
only failed for pH values under 10.5.

The OH− concentration and pH of the control mix were the highest values observed
at both ages, followed by the mixes with 5%, 10%, 15%, and 20% SF. This behavior is
attributed to the reduction in calcium hydroxide due to the pozzolanic activity of SF, along
with the reduction in cement content.

Despite the decrease in the alkalinity of the cement pastes over time, the control mix
and pastes containing 5 and 10% of SF showed no variation in their pH values. On the other
hand, the mixes containing 15 and 20% SF showed a greater reduction in OH− concentration
(33 and 39%, respectively) and a decrease in pH, indicating the higher consumption of
calcium hydroxide from pozzolanic activity. However, this reduction did not promote any
negative effect on the passive film formation of steel inside the hardened concrete.

Havdahl and Justnes [57] stated that, despite the complete depletion of CH (port-
landite) in cement pastes with 15 and 20% SF, the pH in their pore solution remained high
enough for passive film formation due to a lesser amount of alkali silicates or the adsorption
of Na+ and K+ by silanol groups, resulting in an alkaline C-S-H composition. In the present
study, the slight decrease in pH due to the incorporation of SF in concrete samples did not
reach the limit of 10.5 stated by Ai et al. [56] for passive film formation. Also, it provided
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an environment with reduced ionic strength (referring to the concentration of ions in the
environment), which is better for passive film formation [14,55].

The correlation between the pH values and SF contents of the cement pastes resulted
in a linear behavior on the 28th and 105th day, with an R2 coefficient of 0.951 (Figure 6A)
and 0.888 (Figure 6B), respectively. Therefore, the higher the SF content, the greater the
reduction in clinker and the higher the pozzolanic activity, resulting in a higher reduction
in pH values in cementitious materials.
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Cement hydration products were investigated by the X-ray diffraction technique
(XRD). Figure 7 shows the patterns obtained for cement paste samples at 28 days.
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Figure 7. X-ray diffraction of cement paste samples after 28 days of hydration.

The XRD results indicated the presence of several phases from hydration of cement,
such as portlandite (Ca(OH)2), calcite (CaCO3), ettringite (Ca6Al2(SO4)3(OH)12.26H2O),
and calcium silicate (C-S-H). Although XRD does not allow for precise quantitative analysis,
the authors performed a semi-quantitative evaluation to estimate the influence of different
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SF contents on these phases. This approach aimed to provide insight into phase variations
due to SF content, acknowledging the limitations of XRD for accurate quantification.

The pozzolanic activity leads to the consumption of available portlandite in the cement
matrix and the formation of secondary C-S-H. To analyze the remaining portlandite content,
a comparison was made between one of its main peaks (2θ = 17.96◦) across different
samples. Figure 8 shows the partial diffractograms at 28 days, highlighting the region of
the portlandite peak.
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Figure 8. Partial diffractograms of cement pastes at 28 days, with emphasis on the region of the
portlandite peak (2θ = 17.96◦).

The partial diffractograms showed a decrease in the peak of portlandite in the SF-
containing mixes compared to the control mix. The portlandite peak counts decreased from
710 in the control mix to 520, 472, 278, and 274 in the pastes containing 5, 10, 15 and 20% SF,
respectively. Similarly, Gómez-Zamorano, Garcia-Guillén, and Acevedo-Dávila [58] verified
a decrease in the amount of portlandite with an increase in SF content through qualitative
analysis of the intensity of peaks present in XRD results. The reduction in the portlandite
peak became more pronounced with a higher SF content, a behavior promoted by the
decrease in clinker amount and hydroxide consumption due to the pozzolanic reactions.

Figures 9 and 10 show, respectively, the XRD patterns obtained for paste samples at
105 days and the partial diffractograms for the portlandite peak.

At 105 days of hydration, the control mix showed an increase of 10% in the intensity
of portlandite peak when compared to the results at 28 days, indicating the continuous
hydration of cement over time. On the other hand, the mixes containing 5, 10, 15, and 20%
SF showed a more substantial decrease in portlandite peak intensity than the one observed
at 28 days, equal to 33.3, 46.1, 69.2, and 70.5%, respectively. According to Abo-El-Enein
et al. [59] and Dotto et al. [60], portlandite peak intensity decreases progressively with the
hydration time in mixes containing SF due to the continuous consumption of portlandite
by pozzolanic reactions. Yogendran, Langan, and Ward [61] found that portlandite content
decreases as SF content increases, with complete consumption in pastes containing 15% SF
and 20% SF.

The accuracy of the qualitative analysis was investigated by correlating the intensity
of the portlandite peak with the hydroxyl ion concentration in cement pastes. Figure 11
illustrates this correlation.

A linear correlation with a strong coefficient (R2 = 0.8525) was obtained between the
intensity peak of portlandite in the XRD patterns and the hydroxyl ion (OH−) concentration
of the cement pastes, indicating the XRD accuracy quantitatively. Therefore, the qualitative
analysis of the portlandite peak in XRD patterns reflects the alkalinity of hardened cement
pastes and, thus, can assist in evaluating the environment for passive film formation.
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Figure 9. X-ray diffraction of cement paste samples after 105 days of hydration.
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3.4. The Relation Between CH Content, pH, Electrical Resistivity, and icorr

The portlandite contents, obtained through qualitative analysis of the peaks of CH in
the XRD patterns, along with the pH values of the cement pastes, were used to assess their
relation to the electrical resistivity of the corresponding concrete mixes after 105 days of
hydration. As shown in Figure 12A,B, the comparison of the qualitative analysis of CH
content through XRD and pH with electrical resistivity presented correlation coefficients of
0.96 and 0.85, respectively.

Corros. Mater. Degrad. 2025, 6, x FOR PEER REVIEW 15 of 20 
 

 

 

Figure 12. Correlation of electrical resistivity of concrete samples with (A) XRD counts and (B) pH 
values of cement pastes after 105 days of hydration. 

Cruz et al. [62] and Ghoddousi and Saadabadi [63] also found good correlation coef-
ficients between electrical resistivity and CH content in Portland cement mortars and con-
cretes, the latter being directly related to the pH value, since CH is the main font of hy-
droxyl ions in the cement matrix. The reduction in CH content and pH was shown through 
XRD patterns and titration, promoted an increase in electrical resistivity, and resulted in 
linear trends with high correlation coefficients (R2), indicating that it occurred due to the 
reduction in the amount of ions and their mobility, as stated by Page and Vernnesland 
[64]. 

Figure 13A,B presents a comparison between the qualitative analysis of CH content 
as determined through XRD and pH with icorr. 

 

Figure 13. Correlation between icorr values of concrete samples and (A) XRD counts and (B) pH val-
ues of cement pastes after 105 days of hydration. 

The CH content and pH value were parameters directly proportional to the icorr of 
steel inside the hardened concrete after 105 days of hydration, showing good adherence 
with a linear regression (R2 = 0.94 and R2 = 0.72, respectively). Thus, a higher content of 
CH and elevated pH values in the cement matrix promoted a greater icorr and lower polar-
ization resistance, indicating the greater instability of the passive film. 

According to Mancio et al. [55], the polarization resistance of carbon steel decreases 
when the pH of the environment is reduced from 13 to 11 and then presents a strong de-
cline, since the ionic strength of the medium is kept constant. However, the ionic strength 
in hardened concrete is not constant due to the continuous hydration of cement and CH 
consumption by pozzolanic reactions when SF is part of the binder. Thus, polarization 

Figure 12. Correlation of electrical resistivity of concrete samples with (A) XRD counts and (B) pH
values of cement pastes after 105 days of hydration.

Cruz et al. [62] and Ghoddousi and Saadabadi [63] also found good correlation co-
efficients between electrical resistivity and CH content in Portland cement mortars and
concretes, the latter being directly related to the pH value, since CH is the main font of hy-
droxyl ions in the cement matrix. The reduction in CH content and pH was shown through
XRD patterns and titration, promoted an increase in electrical resistivity, and resulted in
linear trends with high correlation coefficients (R2), indicating that it occurred due to the
reduction in the amount of ions and their mobility, as stated by Page and Vernnesland [64].

Figure 13A,B presents a comparison between the qualitative analysis of CH content as
determined through XRD and pH with icorr.
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The CH content and pH value were parameters directly proportional to the icorr of
steel inside the hardened concrete after 105 days of hydration, showing good adherence
with a linear regression (R2 = 0.94 and R2 = 0.72, respectively). Thus, a higher content



Corros. Mater. Degrad. 2025, 6, 3 15 of 18

of CH and elevated pH values in the cement matrix promoted a greater icorr and lower
polarization resistance, indicating the greater instability of the passive film.

According to Mancio et al. [55], the polarization resistance of carbon steel decreases
when the pH of the environment is reduced from 13 to 11 and then presents a strong decline,
since the ionic strength of the medium is kept constant. However, the ionic strength in
hardened concrete is not constant due to the continuous hydration of cement and CH
consumption by pozzolanic reactions when SF is part of the binder. Thus, polarization
resistance should increase and icorr decrease with a pH varying from 13 to 11 [55], as
observed in the present study. Ortolan, Mancio, and Tutikian [14] verified that the reduction
in pH, caused by the partial substitution of cement for SF, increased the polarization
resistance of steel rebar within hardened concrete and, consequently, resulted in lower icorr

values during 91 days of hydration.
Based on the correlation coefficients obtained for both electrochemical parameters,

CH content and pH were considered dependent parameters for the electrical resistivity
and the icorr. Thus, it is expected that the qualitative analysis of XRD and pH will be
useful for predicting passive film formation. This can be achieved by classifying electrical
resistivity according to the steel rebar risk of corrosion and icorr according to the level
of corrosion onset.

4. Conclusions
This study investigated the effects of partially replacing cement with silica fume in

concrete mixtures. The emphasis was on the durability of steel reinforcement, considering
parameters such as the electrical resistivity, corrosion current density (icorr), portlandite
content, and pH of cement pastes. The main conclusions are summarized below:

• The 15% content of SF is an optimum content regarding the compressive strength of
concretes at 28 days, being 36.6% higher than that of the control mix;

• The formation of passive film on steel inside hardened concrete is not instantaneous,
taking from twenty days to several weeks for its complete protection against corrosion;

• Analyses using the 0.1 µA/cm2 limit are more reliable since they provide a greater
certainty of passive film formation;

• The corrosion current density of the control mix did not reach the limit of a negligible
level of corrosion (0.1 µA/cm2) until 105 days of curing, indicating susceptibility to
steel corrosion;

• Despite the considerable consumption of portlandite, verified through qualitative
analysis via XRD, the partial replacement of cement by SF, with contents ranging from
5 to 20%, provided an improvement in concrete performance regarding the formation
of passive film;

• The formation of passive film on steel surfaces was faster the higher the SF content;
• The qualitative analysis of XRD patterns was efficient in evaluating the compounds

formed and consumed during hydration, indicating the alkalinity of cement pastes
and the evolution of pozzolanic reactions;

• The CH content and pH could be useful for predicting passive film formation, since
they provided a good correlation coefficient with electrical resistivity and icorr values
after 105 days of hydration;

• After 105 days of hydration, the lower pH contributed to passive film formation on
the steel surface, since icorr values for steel decreased with the pH reduction from 12.2
to 11.8.

It is important to note that, although electrochemical techniques allow an initial
assessment of the corrosion risk, the direct correlation between icorr and the effective steel
mass loss is not always linear. Future studies should seek to establish better relationships
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between electrochemical tests and empirical data. This approach will contribute to a better
understanding of the effects of different SF contents on long-term corrosion, widening the
applicability of electrochemical techniques.
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