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A B S T R A C T

Carbonated reactive magnesia cement (RMC)-based mixes raise questions about the corrosion resistance of
reinforcement. This study investigated steel reinforcement behaviour in RMC-based mixtures containing 2 %
(M98) and 20 % (M80) Portland cement (PC), compared to 100 % PC (M0). Response to carbonation curing
through electrochemical measurements, changes in OH− content, chemical composition and microstructure
within carbonated pastes were reported. Reduced porosity with increased PC content before carbonation was
attributed to distinct pore structures of hydrated RMC/PC mixes. Calcite was the primary carbonation product in
all, with nesquehonite and hydromagnesite detected in M98 and M80. Steel reinforcement in M98 exhibited
corrosion, while that in M80 displayed corrosion resistance comparable to M0, which remained passivated even
under carbonation conditions. Microstructure densification via the formation of carbonation products proved
insufficient in preventing further carbonation in M98 due to its high porosity. Corrosion of reinforcement in M98
was ascribed to its relatively high porosity and low OH− content. Valuable insights for optimizing carbonated
RMC-based mixtures for structural applications were provided.

1. Introduction

Production of Portland cement (PC) leads to substantial carbon di-
oxide (CO2) emissions globally [1], promoting increased attention to
alternative binder systems with lower environmental impacts. Reactive
MgO cement (RMC) is considered as a promising alternative binder to PC
due to its potential of being less CO2-intensive than PC, depending on the
production and curing conditions [2–5]. There are two major routes for
the production of RMC, including dry and wet routes. For the dry route,
a calcination temperature, 700–1000 ◦C, is normally required, which is
much lower than temperatures required for the production for PC,
resulting in less energy consumption [5]. Additionally, RMC is capable
to be recycled from waste resources with high Mg concentrations like
reject brine [6]. Furthermore, RMC can gain strength by sequestering
CO2 through the carbonation reaction, resulting in the formation of
hydrated magnesium carbonates (HMCs), such as nesquehonite
(MgCO3⋅3H2O) and hydromagnesite (4MgCO3⋅Mg(OH)2⋅4H2O) [7]. The
formation of HMCs facilitates the strength development of RMC by
reducing the porosity and forming continuous network [8,9]. Therefore,
RMC is a promising alternative cementitious material, potentially
benefiting from lower CO2 emissions.

Due to the importance of carbonation for RMC-based concrete,
extensive research has been conducted to understand its carbonation
mechanism under diverse curing conditions [10,11]. To enhance the
mechanical properties of RMC concrete, efforts have also been made to
identify the optimal curing conditions [4] and explore the efficacy of
hydration and dispersion agents [12]. With the continuous development
of RMC-based mixes, their use in various potential applications, such as
non-structural blocks [4], strain-hardening composites [13,14], 3D
printing matrixes [15] and high-temperature resistant concrete [16] was
demonstrated. However, there has been limited investigation into the
feasibility of using RMC-based mixes for structural applications.

In PC, the high alkalinity (a pH of approximately 13) of the pore
solution facilitates the formation of a passive film on the surface of steel
reinforcement, ensuring its long-term durability [17]. However, the
passivation of the steel reinforcement is constrained in RMC-based
mixes due to the relatively low pH (ranging from 9.9 to 10.5) within
the matrix, resulting in a significant concern regarding its long-term
performance [18]. Evidently, the corrosion of steel reinforcement in
RMC-bases mixes has been observed previously [18].

To facilitate the passivation of the steel reinforcement, our previous
work introduced a modest quantity of PC, enhancing the alkalinity
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within the matrix [19]. The study revealed that by blending just 2 % of
PC, the steel reinforcement could be effectively passivated, exhibiting
comparable charge transfer resistance of the passive film formed in a
pure PC matrix [19]. However, the strength development of RMC-based
mixes is highly dependent on the formation of HMCs through carbon-
ation [8,9], during which hydroxides are consumed, resulting in a drop
of pH value within the system [20]. Consequently, the steel reinforce-
ment is under risk for corrosion due to the low alkalinity environment
after carbonation [21]. Enhancing physical properties through carbon-
ation, while ensuring corrosion is prevented is crucial for the future
structural applications of RMC-based mixes. This necessitates the
detailed planning of the infrastructure needed for introducing high
concentrations of CO2 into the prepared formulations to facilitate their
complete carbonation.

The carbonation of RMC-based mixes was reported to form a
compact layer of carbonates, which inhibited the further diffusion of
CO2, thereby protecting the underlying matrix [22,23]. Under such
circumstances, the steel reinforcement could remain a passivated state
owing to the constrained extent of carbonation in the vicinity of the steel
reinforcement. Nevertheless, RMC-based mixtures, varying in their
proportions of PC, are likely to exhibit differing levels of porosity and
alkalinity. This inherent variability within RMC-based mixes necessi-
tates a cautious approach when attempting to extrapolate the corrosion
resistance of the embedded steel reinforcement. Therefore, to facilitate
the structural application of RMC-based mixes, the long-term durability
of steel reinforcement under carbonation curing should be investigated.

In line with this need, the present work aims to investigate the
corrosion resistance of steel reinforcement in RMC-based mixes with
different proportions of PC (2 %, 20 %, and 100 % of binder component)
under carbonation curing conditions. The durability of steel reinforce-
ment embedded in mixes, where RMC was replaced by 2 %, 20 % and
100 % PC by mass were investigated. Electrochemical measurements
were performed to monitor the passivation/corrosion of the steel rein-
forcement. The properties of the passive film were analysed by an
equivalent element circuit. Given the strong interrelationship between
the carbonation of cement paste and its microstructural characteristics,
pore size distributions were assessed through Mercury Intrusion Poros-
imetry (MIP) testing. The OH− content of the pastes at various depths
was measured using pH meters. Microscale measurements, including X-
ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Raman
spectroscopy, were carried out to evaluate the carbonation products,
microstructures of the carbonated pastes, and carbonation depth,
respectively. Overall, comparison of the electrochemical behaviour,
microstructural characteristics, and carbonation products of the pre-
pared mixes led to the determination of the optimal Mg-based mix
enabling the corrosion resistance of steel reinforcement. The outcome of
this work can offer valuable insights in optimizing the designs of RMC-
based mixes for structural applications.

2. Materials and methodology

2.1. Materials

RMC and PC used in the present study were sourced from Lingshou
Minerals Processing Plant and Lafarge Cement Pte. Ltd., respectively.
Both materials had relatively high purity and consistent quality. The
chemical composition of RMC and PC is provided in Table 1, whereas the
mix compositions can be found in Table 2. Three different binder

compositions were prepared, with proportions of PC at 2 %, 20 %, and
100 %, designated as M98, M80, and M0, respectively. These pro-
portions were determined based on our preliminary tests regarding the
passivation behaviour of the steel reinforcement [19]. M0 was used as a
control group to evaluate the relative performance of the other mixes
under carbonation curing conditions (i.e. the observed passivity in M0
might not reflect its performance under typical field conditions).

2.2. Experimental programme and sample preparation

Fig. 1 (a) depicts the assembled sample prior to carbonation.
Initially, a steel reinforcement sample, with a chemical composition (wt.
%) of 99.1 % Fe, 0.17 % C, 0.46 % Mn, 0.26 % Si and minor impurities,
was cut from a bar with a diameter of 8 mm and a length of 10 mm. The
sample was then sealed with epoxy, leaving only one side exposed to the
cement with an area of ~50mm2, as illustrated in Fig. 1 (a). The exposed
surface was polished with sandpaper up to 3000-grit and subsequently
cleaned with acetone. Notably, a copper wire was connected to the
sample for electrochemical measurements. The assembled samples were
then embedded in the paste cast as 50 mm cubes (Fig. 1 (a)). All sides of
the cube-shaped paste were sealed with wax, leaving one side unsealed
to allow for the penetration of CO2. The distances between the exposed
surface of the steel sample and the unsealed side of the cube paste were
fixed at 10mm and 25mm, forming two distinct groups, namely Group 1
(10-M0, 10-M80, 10-M98) and Group 2 (25-M0, 25-M80, 25-M98).
These two sets of samples were placed in ambient conditions (28 ± 2 ◦C,
80 ± 5 % RH and ambient CO2) for one day until the samples could be
demoulded from the moulds. They were placed in a carbonation
chamber with controlled conditions (28 ± 2 ◦C, 80 ± 5 % relative hu-
midity (RH), and 20 % CO2) for curing. During this curing process,
various characterization measurements were conducted to evaluate the
properties of both pastes and steel reinforcements.

2.3. Electrochemical measurements

The electrochemical measurements were conducted using a poten-
tiostat manufactured from Princeton Applied Research (USA). A three-
electrode system was employed, as depicted in Fig. 1 (b), with the
steel sample serving as the working electrode, a platinum counter
electrode, and a saturated calomel reference electrode. A water-
saturated sponge was placed on the contact surface of the paste to
facilitate the connection of the reference and counter electrodes to the
working electrode. Open circuit potential (OCP) and Electrochemical
impedance spectra (EIS) allow for the monitoring of passivation and
corrosion processes over time. OCP was recorded every 5 s for 5 min at
0d, 1 d, 7 d, 14 d and 28 d. EIS was obtained at 7 d and 28 d, with a
frequency range of 100 kHz to 0.01 Hz and an AC signal with an
amplitude of 10 mV.

2.4. Pore size distribution of the paste

Mercury intrusion porosimetry (MIP) was employed to investigate
the internal pore structure of the M98, M80 and M0 pastes prior to
carbonation. The mercury intrusion porosimeter was manufactured
from Autopore IV9510, Micromeritics, America. The samples were
prepared by crushing the pastes into small particles, each with di-
mensions below 2mm× 4mm× 10mm. The samples were then washed

Table 1
Chemical composition of RMC and PC.

Chemical composition
(weight (%))

MgO CaO SiO2 Al2O3 Fe2O3 Others

RMC 94.4 1.6 2.8 0.5 0.5 0.2
PC 3.3 62.2 24.3 4.6 4.0 1.6

Table 2
Mix compositions of M98, M80 and M0 mixes.

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

RMC (%) PC (%)

M98 98 2 0.5
M80 80 20
M0 0 100

T. Mi et al.
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by ethanol and dried in an oven at 40 ◦C for 48 h. Subsequently, they
were sealed in preparation for the MIP test.

2.5. Chemical composition of carbonated samples

A Bruker D8 Advance instrument was employed to acquire the XRD
patterns of the carbonated pastes at various depths and to characterise
the chemical changes occurring in the carbonated pastes. Each XRD
pattern was obtained using Cu-Kα radiation (40 kV, 40 mA) at a scanning
rate of 0.04◦ 2θ/step, covering a range from 5◦ to 45◦ 2θ. The samples
were prepared by cutting the cube paste layer-by-layer from the surface
that was exposed to CO2, targeting four specific depth intervals: 0–5
mm, 5–10 mm, 10–15 mm and 15–20 mm. Each layer was subsequently
crushed into fine powders with particle sizes less than 75 μm.

2.6. Morphologies of the carbonated phases

The morphologies of the carbonated phases were characterized using
a Zeiss Evo 50 microscope. The samples from different depths were
initially vacuum-dried for 24 h at 40 ◦C and were then mounted onto the
sample stage using double-sided adhesive carbon tape. The images were
obtained under vacuum conditions.

2.7. Raman spectroscopy

A Renishaw inVia Raman spectrometer, equipped with a 738 nm
laser, was employed to assess the carbonation depth of the pastes after
carbonation, providing spatially resolved information on the distribu-
tion of carbonation products. The laser was focused via a Newport M-5X
microscope objective lens with a numerical aperture (N.A.) of 0.10,
resulting in a spot size of ~4 μm in diameter. Raman mapping was
employed to capture the distribution of the carbonation products. Each
spectrum acquired in this study was recorded with an exposure time of
10 s and two accumulations. The Raman mapping was conducted along
the cross-section of the sample, with seven points sampled at intervals of
100 μm over a length of 600 μm, starting from the surface and extending
to a depth of up to 11 mm.

3. Results

3.1. Electrochemical results

The open circuit potential (OCP) serves as an indicator of the
passivation or corrosion status of steel reinforcement, representing the
equilibrium potential between the steel reinforcement and the reference

electrode [24]. Fig. 2 presents the OCP results for the steel reinforcement
embedded at a depth of 10 mm. With the time of carbonation, the OCP
values for 10-M0 and 10-M80 increased from~-300mV to ~ -150mV at
7 d, maintaining this value consistently until 28 d. This observed
behaviour aligns with the expected characteristics of the typical
passivation process associated with steel reinforcement [19,25]. Alter-
natively, the OCP value for 10-M98 initially exhibited a substantial in-
crease, indicating an initial passivation process [19]. However, a notable
shift occurred at 7d, indicating the corrosion of the steel reinforcement
embedded in 10-M98 mix [25–27]. The OCP values of the steel rein-
forcement embedded at a depth of 25 mm are shown in Fig. 3. The re-
sults indicate that the steel reinforcements in 25-M0 and 25-M80
underwent a passivation process, evidenced by the gradual increase in
OCP values. Conversely, the steel reinforcement in 25-M98 displayed
distinct behaviour, characterized by an initial increase in OCP values
(rising above − 100 mV) until 14 d, followed by a dramatic decline
(falling below − 300mV) at 28 d. These observations collectively suggest
that the steel reinforcement experienced passivation up to 14 d, fol-
lowed by a subsequent corrosion process at 28 d. However, several
factors, including relative humidity and oxygen availability, can influ-
ence the OCP values, thereby reducing the reliability of the results.
Consequently, EIS was conducted to further evaluate the electro-
chemical behaviour of the steel reinforcement in different mixes.

Fig. 1. Schematic diagram, demonstrating: (a) sample assembly and (b) three-electrode setup for electrochemical measurements.

Fig. 2. OCP results of steel reinforcement at a depth of 10 mm.

T. Mi et al.
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The passivation or corrosion status of the steel reinforcement was
further analysed by the EIS spectra as illustrated in Figs. 4 and 5. The
semi-circle of the Nyquist plot represents the polarization resistance of
the steel reinforcement, which could be linked to the formation of pas-
sive film/corrosion product [28]. In Fig. 4 (a), the diameter of the
semi-circle of 10-M98 was the lowest at both 7 d and 28 d, with the
exceedingly diminished value signifying the corrosion of the steel
reinforcement. In contrast, the diameters of the semi-circles of 10-M0
and 10-M80 were increased from 7 d to 28 d, which suggests ongoing
passivation processes. The observations presented in Fig. 5 (a), con-
cerning the steel reinforcement embedded at a depth of 25 mm, gener-
ally mirrored these trends, except for 25-M98. The diameter of the
semi-circle for 25-M98 at 7 days was similar to the others, but a
remarkable reduction occurred at 28 days. This pattern indicates that
the steel reinforcement was passivated at 7 days and subsequently un-
derwent corrosion at 28 days, aligning with the findings observed in the
OCP results. In addition to the Nyquist plots, the Bode plots are pre-
sented in Fig. 4(b–c) and 5 (b-c). The results indicated that in the
high-frequency range, there was an increase in the resistance of the
cement paste from 7 days to 28 days across all mixes. Furthermore, the
phase angle plateaus broadened over time for the M80 and M0 mixes,
suggesting the progression of passivation [29]. Furthermore, significant
differences in the low-frequency range were observed, which have been
reported to be influenced by the interface between the paste and the
surface of the steel reinforcement [30]. To further evaluate the passiv-
ation of the steel reinforcement, an Equivalent Element Circuit (EEC)
was employed in the analysis of EIS results. It should be noted that the
corroded systems were not fitted due to significant resistance differences
[31].

Fig. 6 presents the EEC that was employed by several researchers to
fit electrochemical systems with stable passivation characteristics [19,
32,33]. Furthermore, the selection of the EEC was also verified by
characteristics of the Nyquist plot and the physical properties of the
system. In this circuit, Rc was designated as the resistance associated
with the cement paste cover, while Rf and Qf served as the resistance and
capacitance parameters of the passive film, respectively. Furthermore,
Rct and Qdl were ascribed to the charge transfer resistance and the
double layer capacitance at the steel-cement paste interface, respec-
tively [33–35]. A constant phase element (CPE) was utilized as an
alternative to the ideal capacitor [36,37]. The fitting lines were plotted
in Figs. 4 and 5 and the calculated results were listed in Table 3. The
value of Rc for each sample demonstrated a notable increase from 7 d to
28 d, which can be linked to the processes of hydration and carbonation
within the cement paste [38,39]. Furthermore, the resistance of passive

film (Rf) formed on steel reinforcement in M0 exhibited the lowest value,
which is consistent with the finding in our previous work [19]. In terms
of the charge transfer resistance (Rct), all samples displayed comparable
values, revealing a similar degree of resistance to corrosion, which
should be attributed to the structure and chemical compositions of the
passive film as reported in our previous work [19].

Under the conditions of accelerated carbonation, the corrosion of
steel reinforcement was exclusively observed in the M98 sample,
occurring at 7 d and 28 d for specimens located at depths of 10 mm and
25 mm, respectively. Alternatively, the steel reinforcement in M0 and
M80 samples maintained their passivated status throughout the entire
28-day period, revealing their robust resistance to corrosion. The
properties of the passive films formed on these steel reinforcements
generally aligned with findings documented in our previous work [19].
Consequently, it is reasonable to suspect that the carbonation of the
cement paste at the exposed surface did not significantly impact the
characteristics of the passive film developed on the steel surface,
particularly when the carbonation front remained at a considerable
distance from the vicinity of the steel reinforcements.

3.2. Pore distribution of pastes

The carbonation process in cement paste is intricately linked to the
microstructure of the cement paste. To investigate this relationship, pore
size distributions were determined through Mercury Intrusion Poros-
imetry (MIP) testing, and the obtained results are presented in Fig. 7.
Pores were categorized into three classes their diameters: transitional
pores (ranging from 10 to 100 nm), capillary pores (encompassing di-
ameters between 100 nm and 1.0 μm), and macropores (exceeding a
diameter of 1.0 μm) [40]. Fig. 7 (a) shows the cumulative pore volume
against the pore size, where M98 showed the most cumulative pore
volume, revealing its maximum porosity among these three pastes.
Fig. 7 (b) illustrates the log differential intrusion against the pore size,
where the pore size at the major peak represented the critical pore size.
The critical pore sizes of M0 and M98 were around 50 nm and 1840 nm,
respectively, whereas the critical pore sizes of M80 encompassed both.
The differences in the porosity should be associated with the variation in
the microstructures after hydration of RMC and PC.

To gain further insights into the variations in pore structures among
these pastes, the proportions of the transitional pores, capillary pores
and macropores are depicted in Fig. 8. M0 exhibited the lowest mac-
ropore content and the highest proportion of transitional pores, result-
ing in the lowest overall porosity of 21.8 %. In contrast, M98 displayed
the highest porosity of 38.0 %, with the maximum macropore content
and the minimum proportion of transitional pores. It is noteworthy that
all three pastes demonstrated a similar volume of capillary pores. The
disparities in pore structures observed among these pastes can be
attributed to the varying proportions of RMC and PC. Specifically, the
hydration of RMC predominantly gives rise to macropores [41], whereas
the pore structures of PC following hydration primarily consist of tran-
sitional pores [42]. Consequently, the porosity of the paste was found to
increase with higher RMC content in the mixture.

3.3. OH− content

Based on electrochemical results, it is evident that the onset of
corrosion occurred following 7 d of carbonation. Consequently, it is
imperative to gain a deeper understanding of the underlying corrosion
mechanism by examining the impact of carbonation on the paste at 7 d.
The OH− contents within the paste at various depths are depicted in
Fig. 9. Notably, in the cases of M0 and M80, the OH− content within the
paste exhibited substantial reductions at the 0–5mm, which remained at
a high level across subsequent depths of 5–10 mm, 10–15 mm, and
15–20 mm. This is likely attributed to the carbonation process occurring
at the surface of the paste, where OH− ions were consumed as a result of
their reaction with carbonates [43]. Alternatively, the OH− contents of

Fig. 3. OCP results of steel reinforcement at a depth of 25 mm.

T. Mi et al.
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paste M98 at depths of 0–5 and 5–10 displayed relatively low values,
indicating a high degree of carbonation. However, at depths of 10–15
mm and 15–20 mm, the OH− content reached similarly high levels,
signifying an uncarbonated state of the paste at these deeper layers. In
conclusion, under the conditions of accelerated carbonation, following 7
days, both M0 and M80 pastes underwent carbonation at depths of 0–5
mm. For M98, carbonation was observed at depths of 0–5 mm and 5–10
mm.

3.4. Chemical compositions of carbonated pastes

The chemical compositions of the paste at different depths were
conducted by XRD measurements, and the results are presented in
Figs. 10–12. In the case of M98, as illustrated in Fig. 10, the paste at the
depths of 0–5 and 5–10 mm primarily consisted of MgO, with the most
prominent peak occurring at 42.9◦ 2θ [44,45]. Additionally, small
amounts of C2S, C3S, along with Mg(OH)2 resulting from the hydration
of MgO were detected. Furthermore, nesquehonite, hydromagnesite and
calcite were identified as the principle carbonated products. At a depth
of 10–15 mm, the primary compounds observed were MgO and Mg

(OH)2, with minor quantities of C3S and C2S. Notably, the peaks at 18.7◦

and 38.1◦ 2θ, indicative of Mg(OH)2, were significantly reduced in the
0–10 mm depths, underscoring the depletion of Mg(OH)2 due to
carbonation. This observation is consistent with the substantial reduc-
tion in OH− content noted in Fig. 9. Fig. 11 reveals the major chemical
compounds in the paste M80 to be MgO, C3S, and C2S, along with Mg
(OH)2 and Ca(OH)2. A comparison of the XRD patterns between 0-5 mm
and 5–10 mm in the M80 paste indicates that nesquehonite and
hydromagnesite were exclusively detected in the former, signifying that
the carbonation front should be still within 0–5 mm depth. Additionally,
a significant reduction in the intensity of the peak representing Mg
(OH)2/Ca(OH)2 was observed at depths of 0–5 mm, attributed to the
consumption of Mg(OH)2/Ca(OH)2 during the carbonation process.
Fig. 12 provides XRD patterns for the carbonated M0 paste at depths of
0–5 mm and 5–10 mm, and they exhibit a general similarity, revealing
the presence of C3S, C2S, Aft, and Ca(OH)2. However, due to the over-
lapping peaks of calcite and C3S, the exclusive presence or absence of
calcite at different depths cannot be definitively ascertained based solely
on the XRD results. The labelling in Fig. 12 was determined under the
assumption that the carbonation front extended to a depth of 0–5 mm, in

Fig. 4. EIS results of steel reinforcement at a depth of 10 mm, showing: (a) Nyquist plot along with corresponding fitting lines and (b–c) Bode plot.

T. Mi et al.
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line with the OH− content findings presented in Fig. 9. Furthermore,
Furthermore, the reduction in peak intensities at 18.0◦ and 26.6◦ 2θ
clearly indicated the consumption of Ca(OH)2 and C3S, respectively. In
conclusion, distinct chemical compositions were observed in different
pastes, namelyM0, M80, andM98, and the consumption of Mg(OH)2/Ca
(OH)2 due to carbonation was clearly evident. However, to definitively

determine the presence or absence of calcite at different depths, com-
plementary techniques are required due to the overlapping peaks of
calcite and C3S in the XRD results.

3.5. Carbonation depth

Raman spectroscopy was employed to assess the carbonation depth
of each paste at 7 days. Additionally, it also serves as a supplementary
technique to discern the presence or absence of calcite at different
depths, addressing the limitations of XRD measurements. As depicted in
Fig. 13, distinct colours correspond to the intensities of the characteristic
peaks of calcite, nesquehonite, and hydromagnesite at 1084 cm− 1 [46],
1100 cm− 1 [47] and 1125 cm− 1 [48], respectively. Accordingly, the
intensity, represented by the colour in Fig. 13, can be associated with the
quantity of carbonated products [46,49].

Generally, the carbonation depth and products exhibited notable
variations among these three pastes. In the case of M0 paste, calcite was
the sole carbonation product, given the absence of RMC in its compo-
sition. The carbonation degree gradually decreased with depth, as evi-
denced by the colour variation, and the carbonation depth was

Fig. 5. EIS results of steel reinforcement at a depth of 25 mm, showing: (a) Nyquist plot along with corresponding fitting lines and (b–c) Bode plot.

Fig. 6. Electrochemical equivalent circuit to fit EIS results.

T. Mi et al.
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approximately 3 mm. or M80 paste, Mg-based carbonation products
were also observed. Importantly, the quantity of calcite inM80 exceeded
that in M0, possibly due to its higher porosity, as indicated by MIP
measurements. Nonetheless, the carbonation depths of calcite, nesque-
honite, and hydromagnesite in M80 were all around 3 mm, comparable
to that observed in M0. This could be attributed to the formation of
HMCs, which obstructed the paste’s pores, hindering further CO2
diffusion [8,50]. Alternatively, in M98 paste, the carbonation depth was
significantly increased. Evidently, the depths of all three carbonation
products exceeded 10 mm, with the darkest colour indicating a higher

quantity than observed in both M0 and M80. This observation could be
attributed to the highest porosity of M98 paste, as revealed in Fig. 7.

The carbonation depth of these three pastes can also be correlated
with the electrochemical behaviour of steel reinforcement, as conducted
in this study. After 7 d of carbonation, the carbonation depth in M0 and
M80 did not extend beyond 10 mm. Consequently, the paste around the
steel reinforcement (at a depth of 10 mm) retained a high alkalinity,
maintaining the passivation status. In contrast, the carbonation depth in

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

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)

10-M0-7d 1.95 1.45E-02 0.80 4.39E+03 1.67E-02 0.88 6.11E+04
10-M0-28d 8.70 1.10E-01 0.92 6.00E+03 1.42E-02 0.89 6.44E+04
10-M80-7d 2.71 1.26E-02 0.88 5.06E+04 1.02E-01 0.96 6.13E+04
10-M80-28d 6.90 2.28E-02 1.00 5.93E+04 2.51E-02 0.76 7.19E+04
25-M0-7d 4.40 1.47E-02 0.74 4.58E+03 3.36E-02 0.99 6.20E+04
25-M0-28d 9.07 1.83E-01 0.86 6.00E+03 1.26E-02 0.91 6.50E+04
25-M80-7d 5.51 2.16E-02 0.94 5.47E+04 4.45E-02 0.80 6.28E+04
25-M80-28d 8.98 1.11E-02 0.78 6.06E+04 2.07E-02 0.90 7.34E+04
25-M98-7d 10.03 1.93E-02 0.90 6.02E+04 2.28E-01 1.00 7.62E+04

Fig. 7. MIP results, showing: (a) the cumulative pore volume against the pore size and (b) the dV/dlogD pore volume against the pore size diameter plots of
different mixes.

Fig. 8. Proportions of three types of pores in each mix before carbonation.
Fig. 9. OH− content within each sample at different depths after 7 days of
carbonation.
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M98 paste reached the steel reinforcement’s surface at a depth of 10
mm. The carbonation of the paste significantly reduced the alkalinity of
surrounding paste [21,51], resulting in the corrosion of the steel rein-
forcement in M98 at 7 d. While the steel reinforcement embedded in M0
and M80 exhibited comparable corrosion resistance based on the
carbonation depth, the steel reinforcement in M98 displayed limited
corrosion resistance under carbonation curing. As evident in both the
literature and the present study, the carbonation depth is directly linked
to the condition of embedded steel reinforcement in the pastes [21].

3.6. Microstructure of carbonated pastes

To evaluate the microstructure of carbonated paste from different
mixes after 7 d of carbonation, the SEM images as shown in Fig. 14 were
obtained from samples at a depth of 0–5 mm. Fig. 14(a–c) illustrated the
images from M0 paste. The calcite formed in carbonated paste was with
relatively dense microstructures [52,53], developing on the plate-like
Ca(OH)2 crystals as shown in Fig. 14 (c) [54]. Apart from these two
compounds, some loose particles consisting of unhydrated C3S/C2S and
needle-like AFt [55] could be observed. The chemical compositions
observed in the SEM images aligned with those found in the XRD results.
Representative microstructures of carbonated M80 paste were displayed
in Fig. 14(d–f). Three types of carbonation products were evident,
including the polyhedron-like calcite [52], flower-like hydromagnesite
[56] and needle-like nesquehonite [57,58]. Remarkably, all carbonation
products were generally denser than the porous unhydrated MgO and
C3S/C2S. In Fig. 14(g–i), the carbonated products were mainly
composed of hydromagnesite and nesquehonite. Besides the carbon-
ation products, a considerable amount of porous MgO was observed.
According to the microstructures, the porosities of various carbonated
pastes could be ranked as follows: M98>M80>M0, aligning with the
pre-carbonation porosity ranking of these pastes.

4. Discussion

Previous literature demonstrated the stability of the passivation of
steel reinforcement in all mixes (M0, M80, and M98) in the absence of
carbonation [19]. However, a different scenario was observed under
carbonation curing conditions, during which the corrosion resistance of
the steel reinforcement embedded in RMC-based mixes exhibited sig-
nificant variations, depending on the proportion of PC blended in the
mixes. Present work employed a combination of XRD and Raman
spectroscopy to analyse the chemical composition and carbonation
depth at various intervals, providing a comprehensive understanding of
the carbonation process and its effects on the paste microstructure.

Fig. 15 provides a comparative analysis of the corrosion resistance
among the three investigated mixes, which could be used to support the
exploration of the underlying mechanisms. To start with, the porosities
of the 3 pastes significantly differed due to the varying proportions of PC
blended into RMC-based mixes, which was supported by the MIP results
(Section 3.2) and the findings of previous studies [8]. With an increase in
PC proportion, the porosity of the pastes reduced, which was associated
with the hydration of PC, resulting in a denser microstructure when
compared to the hydration products of RMC [41,42]. This variance in
porosity significantly influenced the diffusion of CO2 within the pastes.
Furthermore, the OH− content within the pore solution of the pastes also
played a crucial role in their carbonation resistance. Given that
carbonation entailed the consumption of OH− , a higher OH− content
offered a more robust buffering capacity against carbonation [59].

Beyond these principal factors, the initial formation of a dense layer
of carbonation products could potentially improve the corrosion resis-
tance of steel reinforcement during carbonation curing. In PC-based
mixes, carbonation involves to the reaction between CO2 and calcium-
bearing components [60]. This process is initiated by the diffusion and
dissolution of CO2 into the pore solution, ultimately leading to the
precipitation of calcium carbonate [61,62]. Alternatively, the

Fig. 10. XRD patterns of carbonated M98 pastes at different depths.

Fig. 11. XRD patterns of carbonated M80 pastes at different depths.

Fig. 12. XRD patterns of carbonated M0 pastes at different depths.
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carbonation of RMC results in the formation of HMCs, which subse-
quently leads to a densified microstructure [22,23]. As a consequence,
both PC and RMC carbonation yield a clogging effect on porosity,
potentially forming a dense protective layer (as shown in Fig. 15) that
may hinder further CO2 diffusion and subsequent carbonation.

In light of these factors, the behaviour of steel reinforcement
embedded in M0, M80, and M98 can be deduced accordingly. M98
demonstrated the lowest OH− content, as also evidenced by its lowest pH
value [19]. With the smallest OH− content and highest porosity, the
carbonation resistance of M98 was expected to be lowest, putting the

embedded steel reinforcement at risk for corrosion. Evidently, this steel
reinforcement in M98 experienced corrosion at depths of 10 mm and 25
mm at 7 days and 28 days, respectively. Alternatively, steel reinforce-
ment embedded in M80 exhibited performance comparable to that in
M0 (pure PC), remaining passivated under carbonation curing at both
10 mm and 25 mm. This was attributed to the clogging effect observed
on the surfaces of M0 and M80 pastes due to the initial formation of
carbonate phases, which established a protective layer that significantly
hindered further carbonation. Alternatively, M98 failed to impede CO2
diffusion effectively, given its relatively high porosity. Therefore, while

Fig. 13. Carbonation depth and carbonate phase profile of different pastes at 7 d.

Fig. 14. SEM images obtained from carbonated pastes, showing: (a)–(c) M0, (d)–(f) M80 and (g)–(i) M98.

T. Mi et al.
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steel reinforcement could be passivated in M98 without carbonation,
M80 was recommended for the structural application of RMC-based
mixes due to its comparable corrosion resistance to M0 under carbon-
ation curing. It is important to note that the passivity of steel rein-
forcement in the M0 sample observed under carbonation conditions may
not accurately reflect its performance under standard curing conditions,
where the absence of accelerated carbonation could enhance its
passivity.

In summary, this research underscored the viability of RMC-based
mixes for structural applications. Particularly, when steel reinforce-
ment was embedded in Mg-based mixes with 20 % PC, a relatively high
corrosion resistance was demonstrated. Depending on their production
conditions, the lower carbon footprint of Mg-based mixes could
contribute to more sustainable construction practices, aligning with
global efforts to mitigate effects of climate change. Additionally, it was
shown that the formation of a compact carbonate layer could further
enhance their suitability for marine applications, providing added pro-
tection in harsh environments. Apart from the practical impact of this
study, the establishment of predictive models for carbonation depth and
a deeper understanding of the relationship between carbonation and
strength development will further enhance the practical utility of these
materials, paving the way for their broader adoption in sustainable
construction practices.

For future work, given the significance of accurately predicting
carbonation depth in Mg-based cement paste, it is essential to conduct
systematic research to establish a suitable predictive model via statis-
tical analysis. Such a model would not only facilitate the forecasting of
the service life of steel-reinforced Mg-based concrete but would also be
instrumental in determining the appropriate thickness of protective
cover for future structural applications. Beyond the prediction of the
carbonation depth, establishing a correlation between porosity,
carbonation and strength development, as well as other durability in-
dicators such as chloride attack is also critical for the structural appli-
cation of Mg-based mixes.

5. Conclusion

This study investigated the corrosion resistance of steel reinforce-
ment in RMC-based mixes containing varying proportions of PC under
carbonation curing, offering practical guidelines for enhancing the

lifespan and performance of these materials in real-world applications.
The feasibility of utilizing carbonated RMC-based mixes in structural
applications was evaluated with respect to the changes in the corrosion
mechanism in the presence of different binder compositions. The key
findings of this study can be summarized as follows:

• Under carbonation curing, steel reinforcement embedded at depths
of 10 mm and 25 mm in M98 was corroded at 7 d and 28 d,
respectively. In contrast, steel reinforcement within M0 and M80
remained in a passivated state with comparable corrosion resistance.

• The porosities of different pastes prior to carbonation exhibited a
direct correlation with the proportion of PC used in the binder
component. Specifically, M98 mixture displayed the highest
porosity, characterized by a majority of macropores, while M0
mixture exhibited the lowest porosity, with transitional pores as the
predominant component in the microstructure.

• After 7 days of carbonation, signalling the onset of corrosion at a
depth of 10 mmwithin M98 mixture, a decrease in the hydroxide ion
(OH− ) content was observed at depths of 0–5 mm and 5–10 mm. In
contrast, the reduction in OH− content was limited to a depth of 0–5
mm in both M0 and M80 mixtures. In line with these observations,
the carbonation depth in M98 mixture surpassed 10 mm, while M0
and M80 mixtures displayed carbonation depths of approximately 3
mm.

• In terms of carbonation products, M0 mixture exclusively yielded
calcite; while M80 and M98 mixtures exhibited the presence of
calcite, nesquehonite, and hydromagnesite. The formation of these
carbonated products could explain the densification of the micro-
structures of these mixes.

In summary, the results of this study confirmed the feasibility to
passivate steel reinforcement embedded in carbonated RMC-based
mixtures in the presence of small proportions of PC. The obtained
findings can provide valuable insights into the design and selection of
RMC-based mixes, enhancing their suitability for various structural ap-
plications, while enabling the permanent sequestration of CO2 in
cement-based mixes via accelerated carbonation. Tomaximize corrosion
resistance, a PC proportion of 20 % as a part of the binder component is
recommended, as this concentration provides the necessary density and
alkalinity for the blend to effectively resist carbonation.

Fig. 15. Demonstration of the corrosion resistance of different samples.
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