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Portland cement 

Tangwei Mi a, En-Hua Yang a, Cise Unluer b,* 

a School of Civil and Environmental Engineering, Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore 
b Department of Mechanical, Aerospace and Civil Engineering, University of Manchester, Manchester, M13 9PL, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Surface layer 
Pore solution 
Electrochemical properties 
MgO 
Blended cement 

A B S T R A C T   

Reactive MgO cement (RMC) has an ability to gain strength by carbonation. One of the main concerns in RMC 
systems is the potential corrosion of reinforcing steel in structural applications. This study evaluated the feasi
bility of replacing small proportions of RMC with Portland cement (PC) to promote the passivation of reinforcing 
steel. Reinforcing steels embedded in RMC with different proportions of PC were investigated by electrochemical 
measurements and microstructural analysis. Pore solutions extracted from these pastes were evaluated for their 
chemical compositions. Inclusion of ≥2% PC enabled the passivation of steel. Passive film forming in RMC-PC 
blends consisted of Fe3O4 and Mg(OH)2, which was thicker than those in pure PC mixes. The formation of 
passive film was mainly attributed to the increased pH of the pore solution, which reached over 12 in RMC mixes 
containing only 2% PC. These findings highlighted the potential of using RMC mixes in reinforced concrete 
applications.   

1. Introduction 

Global cement production accounts for approximately 1.63 billion 
tons of CO2, equivalent to around 8% of total anthropogenic emissions, 
resulting in serious environmental impacts [1]. To mitigate these effects, 
alternative cementitious materials, one of which is reactive MgO cement 
(RMC), are being investigated [2–4]. RMC presents certain benefits 
when compared to ordinary Portland cement (PC), including the rela
tively low calcination temperature used during its production 
(700–1000 vs. 1450 ◦C) via the dry route [4–6] and its capability to be 
produced from waste resources such as desalination brine via the wet 
route [7–9]. Additionally, RMC can react with CO2 and develop strength 
subsequently [10,11]. The sequestration of CO2 involves the reaction of 
brucite with CO2, resulting in the formation of hydrated magnesium 
carbonates (HMCs) such as nesquehonite (MgCO3⋅3H2O), hydro
magnesite (4MgCO3⋅Mg(OH)2⋅4H2O), dypingite (4MgCO3⋅Mg 
(OH)2⋅4H2O) and artinite (MgCO3⋅Mg(OH)2⋅3H2O) [10]. The formation 
of HMCs reduces the pore space in RMC samples and forms a continuous 
network, which consequently contributes to strength development. With 
the involvement of CO2 sequestration and production optimisation, 
RMC produced via both dry and wet routes demonstrated a potential to 
produce less CO2 emissions than that of PC [7,12,13]. 

Previous studies looked into enhancing the hydration and carbon
ation mechanisms of RMC mixes under different curing conditions [11, 
14–19]. Various strategies were reported to facilitate the carbonation of 
RMC, including the use of HMCs as cement replacement [11], 
improvement of the curing conditions [3], and addition of hydration and 
dispersion agents [20]. Whist the investigation of the mechanical and 
microstructural properties of RMC has demonstrated its potential as an 
alternative binder mainly in non-structural applications [16,17,21], the 
long-term durability of RMC-based mixes has not been studied in detail. 
In particular, one of the main limitations of carbonated RMC systems is 
the relatively low pH of the system, raising concerns about the resistance 
of reinforcing steel embedded in RMC against corrosion in structural 
applications [22]. The single study that looked into the corrosion 
resistance of RMC composites reported the corrosion of the reinforcing 
steel in RMC mixes with and without carbonation [22]. To compare, in 
PC mixes, a thin passive film forming on the surface of reinforcing steel 
protects it from the penetration of oxygen and water, thereby preventing 
corrosion [23]. To form a reliable passive film, a highly alkaline envi
ronment (pH of ~12) is essential [24]. Hydration of PC usually gener
ates a pH value of ~13 [25], which is ideal for the formation of passive 
film. However, passivation of reinforcing steel in RMC is questionable 
due to the low pH of this system (~9.9–10.5) [16]. 
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Considering that the low pH value of the RMC system restricts the 
formation of a passive film around the reinforcement, the durability of 
this system could be improved by increasing its alkalinity. This could be 
achieved via the addition of a small amount of PC in RMC, which could 
increase the pH value of the pore solution due to the hydration of alkali/ 
alkali-earth metal oxides (CaO, K2O and Na2O) [26]. Furthermore, past 
research involving the combination of RMC with a small amount of PC 
demonstrated that these mixes achieved a comparable strength to PC 
[27–29] and a higher resistance to chemical attack due to their lower 
porosity [28,30]. Although RMC-PC blends revealed promising results in 
terms of mechanical performance and microstructural development, 
their ability to enable the passivation of mild steel has not been explored 
until now. 

In line with this gap in the literature, this study aims to investigate 
the feasibility of promoting the passivation of embedded reinforcing 
steel in RMC mixes via the addition of small amounts of PC. To deter
mine effect of different amounts of PC addition on the behaviour of 
reinforcing steel, mixes where RMC was replaced by 0%, 2%, 20% and 
100% PC by mass were investigated. The electrochemical behaviour of 
reinforcing steel in different mixes was analysed. Subsequently, the pore 
solutions were extracted from these mixes, and the pH and ion con
centrations of the pore solutions were evaluated for comparison. Finally, 
the microstructure and chemical composition of the corrosion products/ 
passive films were characterized by scanning electron microscopy and 
Raman spectroscopy. The passivation of the reinforcing steel and the 
protectivity of the passive film in RMC mixes involving small portions of 
PC were reported, demonstrating the potential of RMC mixes for struc
tural applications. 

2. Methodology 

2.1. Materials 

RMC used in this work was produced by Lingshou Minerals Pro
cessing Plant, sourced from Liaoning, China. The chemical composition 
of RMC is listed in Table 1. PC was from Lafarge cement Pte. Ltd. 
(Singapore). The mix compositions are given in Table 2. Four different 
binder compositions, where the proportions of PC were 0%, 2%, 20% 
and 100%, were prepared and labelled as M100, M98, M80 and M0, 
respectively. These levels were determined based on the preliminary 
tests performed on the pore solution extracted from RMC blended with 
2%, 5%, 10%, 20%, 40%, 60%, 80% and 100% PC. These results 
revealed that the addition of 2% of PC increased the pH value dramat
ically from ~11.3 to ~12.1; whilst 20% of PC raised the pH value to 
around 12.5. 

2.2. Experimental programme and sample preparation 

The overall experimental programme was divided into three steps to 
investigate the 1) electrochemical behaviour of reinforcing steel, 2) pore 
solution of different cement paste mixes and 3) corrosion products/ 
passive film formed on reinforcing steel. Accordingly, three types (A, B 
and C) of paste samples were prepared, as shown in Fig. 1. Fig. 1 (a) 
shows Type A sample, a self-designed cell for electrochemical mea
surements, where the reinforcing steel was cut into a disc with a height 
of ~10 mm that was connected with a copper wire. Both the reinforcing 
steel and copper wires were sealed by epoxy with only cross section of 
reinforcing steel exposed to the paste. This enabled the control of not 
only the exposure area but also the setup of the three electrodes system. 
More importantly, the reinforcing steel sample could be taken out from 

the cell after 28 days for microscale analysis. A picture of the assembled 
cell can be seen in Fig. 1 (b). Fig. 1 (c) shows the model for the Type B 
paste sample used for pore solution extraction, which was designated for 
the one-dimension mechanical squeezing device. After immersion in the 
paste for 28 days, the assembled sample shown in Fig. 1 (b) was taken 
out from the cell as shown in Fig. 1 (d), and used in scanning electron 
microscopy (SEM) and Raman spectroscopy analyses to study the 
microstructure and chemical composition of corrosion products/passive 
films. Fig. 1 (e1) shows the Type C paste sample prepared for the 
investigation of the cross-section of the passive film by SEM with energy 
dispersive X-ray (EDX). The detailed processes are shown in Fig. 1 (e2- 
3), where the lateral surface of reinforcing steel (pointed by the blue 
arrow in Fig. 1 (e2)) was initially polished and fully embedded in the 
paste for 28 days before analysis. On the day of analysis, the surface of 
the whole assembled sample was polished so that the interface of the 
paste and reinforcing steel can be exposed for analysis, as depicted in 
Fig. 1 (e3). 

2.3. Electrochemical measurements 

A potentiostat from Princeton Applied Research (USA) was employed 
to perform electrochemical measurements. The electrochemical setup 
consisted of three electrodes, with reinforcing steel as the working 
electrode, a platinum counter electrode and a saturated calomel refer
ence electrode, as shown in Fig. 1 (a). Open circuit potential (OCP) was 
recorded every 5 s for 5 min at 0d, 1d, 3d, 7d, 14d and 28d. Electro
chemical impedance spectrum (EIS) measurements were performed 
within the frequency range of 100 kHz to 0.01 Hz at 7d and 28d, with an 
AC signal of amplitude 10 mV. 

2.4. Measurements related to pore solution 

After Type B paste samples were cured for 24 h, they were inserted 
into a one-dimension mechanical squeezing device under a pressure of 
<100 MPa to extract the pore solution from different mixes. The pore 
solution from each mix was separated into two tubes for ICP-OCE and pH 
measurements and sealed until analysis. ICP-OES (PerkinElmer Optima 
DV2000) was employed to measure the ion concentration of the pore 
solution. The pH value of the solution was measured by a METTLER pH 
probe. In addition to the pH value at 24h, the pH evolutions of the fresh 
pastes within the first 4 h were also monitored. 

2.5. Measurements related to corrosion product and passive film 

2.5.1. Microstructural analysis 
A Zeiss Evo 50 microscopy was used to study the microstructure of 

corrosion products and passive films. The elemental distributions were 
characterized by EDX with an accelerating voltage of 15 kV and a 
working distance of 15 mm. All samples were dried in vacuum and 
mounted onto sample stage by using double-sided adhesive carbon tape. 

2.5.2. Raman spectroscopy 
The corrosion products and passive films were characterized by 

Raman spectroscopy after the reinforcing steels were embedded in 
pastes for 28 days. To avoid possible transformation of the corrosion 
products/passive films, the reinforcing steel was taken out just before 

Table 1 
Chemical composition of RMC.  

Chemical compositions MgO CaO SiO2 Al2O3 Fe2O3 SO3 

Weight (%) 94.4 1.6 2.8 0.5 0.5 0.2  

Table 2 
Mix compositions of mixes prepared in this study.  

Mix Binder composition Water to binder (w/b) ratio 

RMC (%) PC (%) 

M100 100 0 0.5 
M98 98 2 
M80 80 20 
M0 0 100  

T. Mi et al.                                                                                                                                                                                                                                       
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the Raman tests, and the laser power was limited within 5% of the 
maximum power. A Renishaw Raman spectroscope equipped with a 785 
nm laser was employed. The laser was focused via a Lecia 50 × (N.A. =
0.55) into a spot size of ~1.5 μm. All the spectra were recorded with an 
exposure time of 30s and 2 accumulations. The final results were ob
tained by taking the average results of three spectra collected from the 
corrosion products/passive films. To facilitate the comparison between 
different spectra, their backgrounds were eliminated by using baseline 
correction (OriginPro). 

3. Results 

3.1. Electrochemical results 

OCP is the equilibrium potential between the reinforcing steel and 
reference electrode without applied load, indicating the passivation/ 

corrosion state of the reinforcing steel [31]. The OCP values of the 
reinforcing steels in different mixes are shown in Fig. 2. For the rein
forcing steel in M100 paste, the OCP value started at around − 450 mV, 
which decreased to − 500 mV on the 3rd day and increased gradually 
afterward to ~ -400 mV on the 28th day. Overall, the OCP values were 
within a relatively low range, revealing the corrosion state of the rein
forcing steel in M100 paste [32–34]. The OCP values of the reinforcing 
steels in M98, M80 and M0 all increased gradually to above − 200 mV on 
the 28th day, suggesting the formation of a passive film on these steels. 
Remarkably, the steel in M98 achieved the highest OCP values after 3 
days, implying that the passive film formed in M98 probably had a 
higher resistance. These results could potentially indicate the variations 
in the passive films forming in M98, M80 and M0 pastes, such as their 
chemical composition and thickness [32]. 

EIS spectra, shown in Fig. 3, were collected on day 7 and 28, in order 

Fig. 1. Experimental programme showing sample preparation and measurement setup.  

Fig. 2. OCP results of reinforcing steel exposed to different mixes.  
Fig. 3. EIS results of reinforcing steel exposed to different mixes and corre
sponding fitting data. 
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to further investigate the passivation or corrosion behaviours of the 
reinforcing steels. The semi-circle diameters of the Nyquist plots, rep
resenting the polarization resistance of the mild steel, was found to be 
highest in M98 paste and lowest in M100 paste (as indicated in red 
circles in Fig. 3). The extremely low value of the semi-circle diameter for 
the sample in M100 paste indicated its corrosion state, which was in 
agreement with the OCP results. To further evaluate the passivation 
behaviour of the samples in M98, M80 and M0, an equivalent element 
circuit (EEC) (shown in Fig. 4) was chosen, depicting the EIS data. In the 
EEC model, Rc represents the resistance of the cement paste cover; Rf and 
Qf are the resistance and capacitance of the passive film, respectively; 
and Rct and Qdl are attributed to the charge transfer resistance and 
capacitance of the double layer at steel/paste interface. Constant phase 
elements (CPE) (for Qf and Qdl) were employed to replace ideal capac
itator due to the irregularities of steal surface and surface roughness 
[35] and non-uniform thickness of the passive film [36]. 

The fitting curves are plotted in Fig. 3 and the calculated results are 
listed in Table 3. In general, there is an apparent increase of resistance 
from day 7–28 in all mixes, indicating the growth of the passive film 
[37]. By comparing the resistance among the samples subjected to 
different pastes, it can be found that Rc value of sample in M0 (i.e. pure 
PC paste) was the highest among all pastes. However, in the same paste 
(M0), the resistance of passive film (Rf) exhibited the lowest value on 
both day 7 and 28, which can be corresponding to its lowest OCP values. 
In terms of the charge transfer resistance, all samples revealed compa
rable values, indicating that the passive films formed in M98, M80 and 
M0 showed similar resistance to corrosion. 

In conclusion, the corrosion of reinforcing steel was found in M100 
paste, which was in agreement with the findings of previous studies 
[22]. In the paste containing 2% PC (M98), the passivation of rein
forcing steel was noted. When compared with the reinforcing steels in 
the other pastes (M80 and M0), the OCP value in M98 was the highest. In 
the EIS fitting results, the resistance of the passive film in M98 was the 
highest, whilst the charge transfer resistances of all passivated samples 
were comparable to each other. 

3.2. Analysis of the pore solution 

The ion concentrations of the pore solutions after 1 day were ana
lysed and the results are shown in Table 4. The highest Mg ion con
centration (6.35 mg/L) was detected from the pore solution of M100, 
which also contained 18.25 mg/L Ca ions sourced from the small 
amount of CaO present in RMC, as shown in Table 1. The concentration 
of Ca ions was higher than that of Mg ions, which could be attributed to 
the higher solubility of Ca(OH)2 than that of Mg(OH)2 [38,39]. In the 
pore solutions of M98 and M80, Mg ions were dramatically reduced, and 
the other ions, Ca, Na and K, were increased due to the addition of PC. 
The reduction of Mg ions was attributed to increase in the pH value, i.e. 
the increase of OH− concentration. As the solubility product constant, 
Ksp (in Equation (1), is invariable at different temperatures [40], the 
increase of OH− ions would thus reduce the concentration of Mg ions in 
the solution. These Mg ions could precipitate as Mg(OH)2 on the surface 

of reinforcing steel [41]. In the pore solution of M0, the concentrations 
of Na and K ions were both higher than those in other samples. The 
concentration of Ca ions in the pore solution of M0 (i.e. sample with the 
highest CaO content) was lower than those in M98 and M80. As shown in 
Equation (2), an increase in the pH value led to a rise in OH− concen
tration and thus reduced Ca ions. These significant differences among 
the pore solution of each sample could explain the variations in their 
electrochemical behaviours [42]. 

Fig. 5 presents the pH value evolution of the pore solution in pastes 
M0, M80, M98 and M100. All pH values increased sharply during the 
first 3 h, followed by gradual increases, which was in line with the 
previous observations [43,44]. After 24 h, the pH value of M100, i.e. 
pure RMC, was ~11.3. With addition of 2% PC (M98), the pH value of 
the pore solution was increased to 12.1 after 24 h. With a further in
crease in PC proportion, the pH values of the pore solutions increased to 
12.5 and 13.1 after 24 h for M80 and M0, respectively [45–47]. 

The formation of a passive film normally takes place in alkaline 
environments [24]. However, the pH value threshold reported in pre
vious work for the formation passive film varied [32,34,48]. For 
instance, corrosion of iron was noted in a solution with a pH of ~11.5 
[32], whilst passive film formed in a solution with a pH value of ~12.0 
[24]. In present work, it can be seen that the initial pH value of M100 
was ~10.3, which was much lower than the threshold for the passiv
ation of reinforcing steel, thereby resulting in the formation of corrosion 
products in early stages. Though the pH value increased gradually to 
11.3, this was still not sufficient to form a steady passive film [24]. For 
the remaining pore solutions in M98, M80 and M0, the pH values all 
reached >12, passivating the embedded reinforcing steels.  

Mg(OH)2 (s) ⇋ Mg2+
(aq) + 2OH−

(aq) Ksp = [Mg2+][OH− ]2                         (1)  

Ca(OH)2 (s) ⇋ Ca2+
(aq) + 2OH−

(aq) Ksp = [Ca2+][OH− ]2                           (2)  

3.3. Corrosion products and passive film 

3.3.1. SEM-EDX 
After steel was embedded into different types of pastes, the surfaces 

of samples were taken out each paste were studied under SEM, as shown 
in Fig. 6. The steel embedded in M100 was corroded with dark yellow 
corrosion products, whilst no corrosion products could be found on the 
other surfaces. When compared with the glossy steel surface embedded 
in M0, samples in M98 and M80 were matting with several paste 
particles. 

SEM images shown in Figs. 7 and 8 provide a comparison for the 
microstructures of corrosion products and passive film. Various mor
phologies, resembling a worm nest, bird’s nest and globular shapes with 
loose and porous microstructures were observed in Fig. 7, which were 
attributed to different formations of lepidocrocite, as observed in pre
vious work [49]. Fig. 8 shows the SEM images of samples in Fig. 6 (b)– 
(d). Along with the white particles that indicated the presence of re
sidual paste scattered around the surfaces of the steel in M98 (Fig. 8 (a)) 
and M80 (Fig. 8 (b)), these samples were slightly smoother than those in 
M0 (Fig. 8 (c)). The lower visibility of the scratches in the former ones, 
especially M98, could refer to the thicker formation of a film on the steel 
surface, thereby covering the scratches and resulting in a smoother 
surface. 

SEM-EDX was employed to investigate the thickness of passive films 
in M80 and M98, whose results are shown in Figs. 9 and 10, respectively. 
The passive film forming in M0 (pure PC) was not detected due to its 
extremely thin thickness, reported to be ~10 nm [50,51]. Fig. 9 shows 
the interface between steel and M80 paste, where the passive film could 
be clearly identified by the distribution of O and Fe, revealing an 
average thickness of ~4.44 μm. The passive film forming in M98, as 
shown in Fig. 10, had a thickness of ~12.5 μm. In addition to Fe ions, Mg 
was also found within the passive films in both M98 and M80. Fig. 4. Electrochemical equivalent circuit to fit EIS results.  
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In summary, corrosion products were clearly visible on the steel 
exposed to M100 paste, resulting in a loose and porous structure; whilst 
the steels embedded in the other pastes exhibited a passive state without 
any corrosion products. Significant differences in the thickness of the 
passive film forming on the steel surface exposed to different pastes were 
observed, which were noted as ~10 nm in M0 [50,51], ~4.44 μm in 
M80 and ~12.5 μm in M98. 

3.3.2. Raman results 
Following the SEM and EDX measurements, Raman spectroscopy 

was employed to identify the chemical compositions of the corrosion 
products and passive films. Fig. 11 shows an average Raman spectrum 
obtained from the corrosion products on the surface of the steel in M100 
paste. The Raman spectrum presented two sharp peaks at 250 cm− 1 and 
377 cm− 1, along with a small peak at 526 cm− 1, which are the charac
teristic peaks of γ-FeOOH [49,52,53]. This was in line with the images 
shown in Fig. 7, confirming that the corrosion product was γ-FeOOH. 
The Raman spectra obtained from the passive films in M98, M80 and M0 
are shown in Fig. 12. The spectrum labelled M0 at the bottom only 
exhibited a small peak at ~667 cm− 1, which should be attributed to the 
stretching vibrational mode along Fe–O bond in the tetrahedral sites of 
Fe3O4 [54–58]. Therefore, the main composition of the passive films 
formed in M0 (pure PC) could be Fe3O4, which was consistent with 
previous observations [59,60]. Alternatively, the Raman spectra 
observed in the passive films in M98 and M80 presented three additional 
Raman peaks at around 278, 441 and 520 cm− 1, suggesting the presence 
of Mg(OH)2 that was thoroughly attached to the passive film [61–64]. 
The intensities of the peaks of the spectrum observed in M98 were 
higher than those in M80, which could be caused by the thicker passive 
film forming in M98. Therefore, differences in the chemical composition 
of the corrosion products and passive film were noted, which were 
γ-FeOOH and Fe3O4, respectively. Specifically, the passive films forming 
in M98 and M80 contained Mg(OH)2, which differed from the one 
observed in M0. 

4. Discussion 

The experimental results presented in this work have revealed the 
potential of using steel reinforcement in RMC mixes via the introduction 
of small amounts of PC. Based on the obtained results, the corrosion/ 
passivation of reinforcing steel in the mix formulations investigated in 
this study is demonstrated in Fig. 13. In M100 (pure RMC) paste, due to 
the low initial pH value of the pore solution (pH = 10.3), passive film 
could be hardly form, presenting a suitable environment for corrosion. 
In a low pH environment, the main composition of the corrosion product 
is lepidocrocite, which was supported by the results in this study as well 
as the literature [65]. As depicted in Fig. 13 (a), lepidocrocite is a 
layered structure [66], which is loose and non-protective [67,68]. 

Table 3 
Fitting results showing the value of each electrical element in different samples.   

Rc (kΩ⋅cm2) Qf; Y0 (Ω− 1⋅sn/cm2) Qf; n Rf (kΩ⋅cm2) Qdl; Y0 (Ω− 1⋅sn/cm2) Qdl; n Rct (kΩ⋅cm2) 

M0-7d 8.64 2.47E-03 0.85 1.57E+03 5.93E-05 1.00 6.41E+04 
M0-28d 12.61 1.71E-03 1.00 6.29E+03 8.87E-05 0.80 7.59E+04 
M80-7d 2.52 2.56E-03 0.80 5.14E+04 2.74E-03 0.80 6.35E+04 
M80-28d 4.40 1.59E-01 0.91 6.14E+04 2.57E-02 0.80 7.99E+04 
M98-7d 3.34 1.95E-02 0.43 6.28E+04 6.35E-02 0.95 6.42E+04 
M98-28d 8.91 7.74E-02 0.92 7.76E+04 2.37E-03 0.80 8.05E+04  

Table 4 
Ion concentrations in the pore solutions extracted from different mixes.  

Ion(mg/L) Paste Mg Ca K Na 

M100 6.35 18.25 2.02 1.28 
M98 0.64 126.30 111.78 59.80 
M80 0.04 111.70 273.80 150.38 
M0 0.00 20.98 1257.20 438.60  

Fig. 5. pH evolutions of the pore solutions extracted from different mixes.  

Fig. 6. The surfaces photos of the reinforcing steel after being embedded in (a) M100, (b) M98, (c) M80 and (d) M0 pastes for 28 days.  
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Alternatively, in the other samples (M98, M80 and M0), the higher 
pH values of the pore solution could enable the formation of a passive 
film [24,69]. However, the thickness and chemical composition of the 
passive film differed across samples. The passive film was composed of 

Fe3O4, as supported by the Raman results and previous findings [59,70, 
71]. As shown in Fig. 13, Fe3O4 has an inverse spinel crystal structure 
with the oxygen atoms forming a face-centred cubic close-packing lat
tice [72], which could form a thin and dense film to protect the substrate 

Fig. 7. The morphology of the rust on the surface of the reinforcing steel exposed to M100, showing different formations of lepidocrocite, (a) and (b) worm nest; (c) 
bird’s nest and (d) globular shapes. 

Fig. 8. The morphology of the surface of reinforcing steel exposed to (a) M98, (b) M80 and (c) M0 pastes.  
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[73]. In addition to Fe3O4, Mg(OH)2 was also present in the passive films 
forming in M98 and M80, introducing a layered and relatively more 
porous structure [74]. Therefore, the passive films forming in M98 and 
M80 were not as dense as that observed in M0. In addition to density, 
another aspect where the passive films differed from each other was 
their thickness, which was ~12.50 μm and ~4.44 μm in M98 and M80, 
respectively. These were notably thicker than the film that formed in M0 

(~10 nm [50,51]). The higher thickness could be attributed to the 
co-presence of Fe3O4 and Mg(OH)2. The differences in the passive films 
could be linked with the variation in pH of the surrounding environment 
[24,69]. Accordingly, the reaction rate of iron to form iron (II, III) ion is 
highly dependent on pH value, which increases dramatically with the 
decrease of pH [75]. The fast dissolution of iron in M98 and M80 could 
have promoted its diffusion from the surface, coupled with the 

Fig. 9. SEM-EDX results showing the passive film formed on reinforcing steel in M80 paste.  

Fig. 10. SEM-EDX results showing the passive film formed on reinforcing steel in M98 paste.  
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co-existence of Mg(OH)2, resulting in a thicker film. Although the pas
sive films forming in M98 and M80 were much thicker than that forming 
in M0, their resistance to corrosion were comparable due to the less 
dense structure of the former, associated with the formation of Mg(OH)2 
with a porous structure. 

Another factor that plays a key role in the corrosion/passivation of 
the reinforcing steel in RMC pastes is the composition of the binder it
self. While the pH of RMC paste was reported as ~10.5 [76], the cor
responding value of RMC paste in this study was measured as ~11.3, 
which was attributed to the presence of CaO (1.6%) in the raw material. 
The results revealed that the addition of 2% of PC could promote the 
formation of passive film, which was mainly caused by the increase of 
the pH value of the pore solution [24,69]. Alternatively, the reinforcing 
steel could be passivated in pure RMC pastes by merely increasing the 
content of CaO or other alkali metal oxides, such as K2O and Na2O, 

during the production process or afterward. Considering that RMC can 
also be obtained from alternative routes (e.g. reject brine) that intrin
sically contain various amounts of alkali metal oxides during the 
extraction process [7], these routes involving by-products could be 
explored for the production of RMC compatible with steel 
reinforcement. 

The carbonation of the system was not considered in this primary 
work. The initial carbonation reaction on the surface of RMC can lead to 
the formation of a dense carbonate layer, which may act as a barrier 
against the penetration of additional CO2 towards the steel reinforce
ment [77]. Consequently, the pH value around the reinforcing steel may 
not be significantly affected as the CO2 diffusion in the vicinity of the 
reinforcement is limited, thereby enabling the steel to remain passiv
ated. Thus, in the initial stages, the passivation behaviour of the steel 
reinforcement is independent of carbonation. As a result, the present 
study primarily focused on evaluating the potential for the passivation of 
the steel reinforcement in RMC-PC blended cement prior to carbonation. 
However, the corrosion of the reinforcing steel is a possibility due to 
long-term carbonation [78]. This can be addressed via a further inves
tigation of the properties of the reinforcing steel in M98, M80 pastes 
under carbonation conditions. 

5. Conclusion 

This study thoroughly investigated the behaviour of reinforcing steel 
in RMC pastes blended with different amounts of PC, with an attempt to 
identify the feasibility of using RMC in structural applications. The main 
findings are concluded as below.  

• Corrosion of the reinforcing steel embedded in pure RMC paste 
(M100) was observed. Alternatively, steel embedded in M98, M80 
and M0 were all passivated, suggesting that addition of 2% PC could 
enable the formation of passive film.  

• The resistance of the passive film varied significantly and was highest 
in M98 and lowest in M0. However, the charge transfer resistances of 
all passivated samples were comparable to each other, suggesting a 
similar resistance to corrosion.  

• The corrosion product had porous structure, which mainly consisted 
of γ-FeOOH. Alternately, smooth surfaces were observed on the 
reinforcing steels in M98, M80 and M0.  

• The thickness of passive films forming in M98 and M80 were around 
4.44 and 12.50 μm, respectively. These were much thicker than the 
film in M0. The composition of the passive film forming in M0 was 
Fe3O4, whereas Mg(OH)2 was found alongside Fe3O4, within the 
passive films in M98 and M80. 

The results obtained in this study revealed the potential of RMC to be 
used in structural applications via the introduction of small amounts of 
PC to ensure the formation of passive film on reinforcing steel. Further 
investigation on the behaviour of reinforcing steel in RMC containing 
minor amounts of PC under carbonation is needed before these blended 
cements can be used in structural applications. 
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