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This study investigates the impact of carbonation and chloride penetration on the corro-
sion of steel bars embedded in magnesium phosphate cement. Specimens with varying chloride
concentrations (0%, 1%, 2%, and 3%) were prepared and cured under both natural and carbon-
ation conditions. A combination of macroscopic tests and electrochemical techniques, along with
microstructural analysis, was used to examine the corrosion behavior. The results show that increased
chloride content weakens the corrosion protection of the steel bars, with carbonation accelerating
this degradation. In natural curing conditions, corrosion began when the chloride level reached 2%,
while carbonation reduced this threshold to 1%. The microstructural analysis revealed that higher
chloride content caused cracks in the protective film on the steel surface, weakening the bond
between the steel and the surrounding material, thus diminishing the overall protection of the

reinforcement.
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1 Introduction

Magnesium phosphate cement (MPC) has attracted
increasing attention as a rapid-hardening, high-
early-strength, and chemically stable repair
material for deteriorated reinforced concrete (RC)
structures, particularly in marine and coastal envi-
ronments [1-3]. Unlike ordinary Portland cement
(OPC), MPC hydrates through the reaction between
dead-burned MgO and phosphate, forming mainly
struvite-type products with dense microstructures,
low alkalinity, and good adhesion to existing sub-
strates [4, 5]. These characteristics make MPC a
promising candidate for steel bar protection in
patch repairs, emergency strengthening, and
localized corrosion control where fast return-to-
service and durable bonding are required.

However, RC structures in service are often
subjected to multiple deterioration factors simul-
taneously, among which carbonation and chloride
ingress are two of the most critical [6, 7]. Carbon-
ation lowers the pore solution pH and weakens
the passivity of embedded steel [8, 9], whereas
chlorides can promote localized (pitting) corrosion
even in alkaline environments [10, 11]. For MPC
systems, whose pore solution pH is inherently
lower than that of OPC, the combined action of
carbonation and chlorides may be more detrimen-
tal, shortening the incubation period and hasten-
ing the propagation phase.
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Existing studies have confirmed that phosphate
species in MPC can interact with Fe2*/Fe3+ to form
protective, phosphate-containing films on the
steel surface, thereby improving corrosion resis-
tance compared with OPC matrices. Zhang et al.
performed accelerated corrosion tests on MPC
slurry applied to ribbed mild steel bars, show-
ing that the MPC slurry coating exhibited stable
impedance development and provided signifi-
cantly better protection than OPC [12]. Tang et al.
investigated the electrochemical behavior of steel
bars in MPC, revealing its passivation mechanism
and determining the corrosion protection mecha-
nism of MPC for steel bars using techniques such
as Environmental Scanning Electron Microscopy
(ESEM) and X-ray Photoelectron Spectroscopy
(XPS), with results indicating that MPC’s hydra-
tion products effectively prevent the initiation
and propagation of steel bars corrosion [13-15].
Additionally, research on the resistance of steel
bars to carbonation corrosion in MPC cement has
also been explored. Wang et al. examined the
corrosion performance and mechanism of steel
bars in MPC slurries, concluding that carbonation
reduces corrosion in low-M/P slurries by promot-
ing the formation of ferrous oxide and iron phos-
phate/ferric borate, which enhances the protective
ability of the oxide film [16].

While existing research primarily focuses on
the individual effects of chloride ion corrosion
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or carbonation, the combined impact of seawa-
ter mixing and carbonation on MPC concrete
remains underexplored. Therefore, the present
study focuses on the corrosion protection perfor-
mance of the steel bars of magnesium phosphate
cement under simultaneous carbonation and chlo-
ride exposure. By preparing MPC specimens with
different chloride contents and subjecting them
to natural and accelerated carbonation, the work
evaluates corrosion initiation and propagation
using electrochemical tests (Natural potential,
EIS, and LPR), macroscopic corrosion assessments
(corrosion area and mass loss), and microstruc-
tural characterization (ESEM-EDS). The objective
is to reveal how chloride level and carbonation
jointly affect the integrity of the phosphate-
derived passive film and the steel-matrix interface,
and to provide a mechanistic basis for designing
MPC repair materials with enhanced durability in
marine and CO,-rich service environments.

2 Materials and methods

2.1 Materials

Magnesium phosphate cement (MPC) was pre-
pared using dead-burned magnesia (Mg0), potas-
sium dihydrogen phosphate (KDP), and borax as
a retarder. Based on prior studies, a mix propor-
tion that ensures superior steel bar protection
performance and relatively stable electrochemi-
cal behavior was adopted. The Mg-to-phosphate
ratio (M/P) was set at 4:1, and borax was added
at 12 wt% of MgO. The MgO used was calcined
at 1600°C, with a density of 3.48 g/cm’® and a
specific surface area of 225 m?/kg, with its chem-
ical composition detailed in . Industrial-
grade KDP was used as the phosphate source,
while sodium borate (Na,B,0,-10H,0) acted as the
retarder. Chloride ions were introduced into the
specimens using analytical-grade NaCl reagent.
All components were thoroughly dry-mixed to
form the MPC. The steel substrate used in this
study was carbon steel, and the steel bars were
plain round bars with a diameter of 8 mm; their
elemental composition is shown in

Chemistry of dead-burned magnesia
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2.2 Preparation of specimen
The tests were conducted using HPB300 smooth
round steel bars with a diameter of 8 mm and
lengths of 398 mm, 80 mm, 2 mm, respectively.
Before embedding the steel bars into the concrete
specimens, they were treated to remove surface
contaminants. This treatment involved immersing
the steel bars in a 10% ammonium citrate solu-
tion for 7 days. After the treatment, the steel bars
were taken out, thoroughly rinsed to remove any
remaining ammonium citrate solution, and dried
with a towel. The bars were placed in an oven at
approximately 60°C for drying then. After dry-
ing, the steel bars were polished sequentially with
400, 500, and 600 mesh sandpaper until a bright
finish was attained. Finally, the polished steel
bars were wrapped in parafilm and prepared for
use in the experimental setup. The treated steel
bar specimens are shown in

The preparation of specimens for the Natu-
ral potential test, steel bar corrosion area ratio,
and mass loss rate was carried out as follows:
Wooden boards measuring 98 mm x 98 mm x
10 mm were placed at both ends of a 400 mm
x 100 mm x 100 mm mold for positioning and
supporting. A @8 mm x 398 mm steel bar was
then securely fixed in the mold using the boards
to ensure accurate positioning and alignment
after which, the concrete was cast. The schematic
is shown in

The preparation of electrochemlcal test speci-
mens was as follows: Fresh cement paste was cast
into steel cubic molds (70 mm x 70 mm x 70 mm).
After standing for 10 min, two bar-type elements
were embedded sequentially—a deformed steel
bar (¢8 mm x 80 mm) and a stainless-steel wire
mesh panel (65 mm x 65 mm x 80 mm) arranged
parallel to one face of the specimen. After
demolding, the exposed portion of the steel bar
was encapsulated with epoxy resin immediately,
and the specimens were cured under controlled
laboratory conditions (25 + 2°C, RH 60% + 5%).
The mix proportions of the neat cement paste are
provided in . The schematic of the electro-
chemical specimen is shown in
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Mixture Proportions of MPC Concrete (kg/m?)
No. MgOo KDP Nacl H,O Borax Sand Gravel Curing method
NC-0 387.03 325.24 0 139.33 46.44 643.58 1216.38 Natural curing
NC-1 387.03 325.24 6.38 139.33 46.44 643.58 1216.38
NC-2 387.03 325.24 12.76 139.33 46.44 643.58 1216.38
NC-3 387.03 325.24 19.14 139.33 46.44 643.58 1216.38
TC-0 387.03 325.24 0 139.33 46.44 643.58 1216.38 carbonation curing
TC-1 387.03 325.24 6.38 139.33 46.44 643.58 1216.38
TC-2 387.03 325.24 12.76 139.33 46.44 643.58 1216.38
TC-3 387.03 325.24 19.14 139.33 46.44 643.58 1216.38

Mixture Proportions of magnesium phosphate cement (kg/m?)
No. MgOo KDP Nacl Borax H,O Curing method
NCP-0 313.46 263.42 0.00 37.61 112.85 Natural curing
NCP-1 313.46 263.42 517 37.61 112.85
NCP-2 313.46 263.42 10.33 37.61 112.85
NCP-3 313.46 263.42 15.50 37.61 112.85
TCP-0 313.46 263.42 0.00 37.61 112.85 carbonation curing
TCP-1 313.46 263.42 517 37.61 112.85
TCP-2 313.46 263.42 10.33 37.61 112.85
TCP-3 313.46 263.42 15.50 37.61 112.85

Freshly mixed cement paste was cast into
molds measuring 40 mm x 40 mm x 160 mm.
After resting for 5 min, steel discs were embed-
ded in the paste at the predetermined positions
(layout shown in ). The surface was
leveled, then the specimens were kept at room
conditions for 1 h, demolded, and transferred to
a curing chamber for 180 d. The mix proportions
and specimen designations for the paste are listed
in

2.3 Test methods
The mass loss ratio (MLR, %) was calculated by
measuring the initial mass of the steel bar (m,) and

the final mass after exposure (m,), and expressing
the mass loss as a percentage of the initial mass:

(1)

The corrosion area ratio (CAR, %) was obtained
by comparing the visually corroded area with the

MLR (%) = [(mg, - m)/m,] x 100%

total surface area of the bar segment:

(2)

For area measurement, the corroded regions
on this segment were outlined with a permanent
marker, and the marked surface was then trans-
ferred onto graph paper to capture the outline.

CAR (%) = (A, /A) ¥ 100%
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The blackened area was quantified by counting
the grid squares, converting to area, and dividing
by the segment’s geometric surface area to calcu-
late the CAR.

Natural potential testing was conducted in
accordance with ASTM C876. The specimen sur-
face was kept moist to maintain a continuous
electrolyte path. Steel bars embedded in MPC
concrete served as working electrodes and were
connected to a high-input-impedance voltmeter.
A saturated calomel electrode was used as the
reference electrode. Measurements were recorded
after the potential stabilized, with readings taken
at three locations on each specimen and averaged.

Electrochemical impedance spectroscopy (EIS)
and potentiodynamic polarization (Tafel) tests
were conducted using an electrochemical work-
station. A three-electrode configuration was
employed, consisting of a working electrode,
counter electrode, and reference electrode. The
steel bars embedded in the MPC paste served as
the working electrode, while a stainless-steel wire
mesh acted as both the counter and reference elec-
trodes. Electrochemical parameters of specimens
at various ages were measured using a CHI760E
multichannel electrochemical workstation. Prior
to formal testing, a 20-min open-circuit potential
measurement was performed to ensure the stabil-
ity of the system’s potential.

To gain a deeper understanding of the protec-
tive effect of MPC on steel corrosion, the surface
morphology and elemental composition of the
steel specimens were analyzed using Environ-
mental Scanning Electron Microscopy-Energy
Dispersive X-ray Spectroscopy (ESEM-EDS) at an
accelerating voltage of 20 kV and a working dis-
tance of 15 mm.

3 Results and discussion

3.1 Macroscopic corrosion evaluation

3.1.1 Mass loss rate

The MLR of steel bars is the most direct and reli-
able metric for quantifying corrosion damage
[17-19]. As a cumulative measure of corrosion,
the WLR effectively reflects the net metal loss
and can be used to calculate the average thick-
ness loss and the reduction in cross-sectional
area. illustrates how chloride content
influences the 180-day mass loss of steel bars
embedded in MPC composites under both natu-
ral and carbonated conditions. In both exposure
conditions, the MLR increases monotonically
with increasing chloride content. Compared to
natural curing, specimens subjected to carbon-
ation show significantly higher mass loss rates,
indicating a more aggressive corrosion process
and the formation of more loosely adherent
(spallable) corrosion products. A sharp rise in
mass loss rate occurs when the chloride con-
tent reaches or exceeds 2%, primarily because
the chloride concentration reaches the critical
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corrosion (depassivation) threshold for steel in
MPC. In contrast, at 0% chloride, the MLR is
negligible, demonstrating that chloride ion is the
primary driver of steel corrosion in this system,
with carbonation acting as a strong accelerator.

3.1.2 Corrosion area ratio
Unlike the mass loss ratio, the CAR quantifies
the areal fraction of the visibly corroded surface,
thus directly revealing the spatial distribution of
corrosion and its degree of localization (pitting)
[20, 21]. As shown in , the evolution of
the corrosion area ratio closely follows that of the
MLR. Additionally, demonstrates that
the extent of steel bar corrosion is influenced
by both chloride content and carbonation: in
, the NC-0 group (without added chloride)
developed a uniform, compact film of phosphate
hydration products on the steel surface, primarily
attributed to struvite and iron-phosphate species
[22, 23]; once corrosion occurred (e.g., TC-3), the
surface became dominated by loosely adherent,
reddish-brown iron oxides, tentatively identified
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that corrosion in this study was predominantly
uniform, with no obvious pitting. Furthermore,
for carbonated specimens, corrosion was con-
centrated near the ends of the bars, presumably
because carbonation initiated earlier at the ends
and the carbonation front propagated inward.

3.2 Electrochemical testing

3.2.1 Natural potential

Natural potential, a relatively traditional nonde-
structive technique, measures the potential differ-
ence resulting from the electrochemical state at
the steel-pore solution interface. Due to its sim-
plicity, rapid testing, and straightforward data
interpretation, Natural potential is widely applied
in both laboratory and field settings [24-26].
However, because the passivation mechanism of
steel in magnesium phosphate cement (MPC) dif-
fers from that in ordinary Portland cement, exist-
ing potential-based criteria may not necessarily
be applicable to MPC [27, 28]. Natural potential

0.0

measurements were conducted on specimens
cured for 3, 7, 14, and 28 days to evaluate the
effect of chloride content on steel bar corrosion in
MPC concrete ( ). The results indicate that
after casting, the Natural potential is low, due to
the initially low pH of the MPC pore solution, the
absence of a stable passive film, and relatively
high ionic conductivity—indicating that the steel
is in an active state. As curing progresses, the
pore-solution pH increases, the phosphate-based
passive film densifies, and the pore structure sta-
bilizes; accordingly, the steel gradually passivates
and the Natural potential rises toward a steady
value. In the presence of chloride, the increase in
Natural potential is progressively attenuated with
rising chloride concentration, and carbonation
further suppresses the Natural potential rise, sug-
gesting that chloride activates the steel surface
while carbonation intensifies this corrosive effect.
A Comparison of Natural potential with MLR
and CAR results indicates that, under the present
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mix proportions and test conditions, corrosion
occurred when the potential was below -0.276 V
(vs SCE) [24], whereas no corrosion was observed
above this threshold. This correlation supports the
validity of the experimental data and suggests
that, under the conditions of this study, Natural
potential can serve as an effective indicator for
assessing steel corrosion in MPC systems.

3.2.2 EIS results
presents the equivalent circuit employed
in this study, obtained by fitting the EIS data with

Q Q
] 1
o | O
R,
R, R, W

Equivalent circuit diagram of steel bars-MPC

ZSimpWin. R, denotes the pore-solution resis-
tance of the cement paste; R, is the resistance of
the cement-paste cover layer; R, represents the
charge-transfer resistance of the steel corrosion
reaction, i.e., the true polarization resistance; Q,
is a constant-phase element (CPE) for the cement-
paste cover layer; Q, is a CPE for the electrical
double layer at the steel interface; and W is the
diffusion-related impedance (Warburg). The fre-
quency range of the electrochemical impedance
spectroscopy is from 0.01 Hz to 100 kHz. The data
after fitting with the equivalent circuit are shown
in .

In MPC paste, under natural curing ( ),
as curing time increases, the Nyquist plots of
the steel electrode shift markedly to the right
along the real axis (Z’), indicating an increase in
pore-solution/ohmic resistance. This suggests that
unreacted MgO continues to react with KH,PO, to
form highly crystalline MgKPO,-6H,0 (K-struvite),
thereby effectively reducing conductive path-
ways in the hardened matrix. Additionally, when

paste specimen

Fitting results of electrochemical impedance spectroscopy

the chloride concentration is below 20b,

No. Curing time Rs/Q-cm? R1/Q-cm? R2/Q-cm? Chi-squared
NCP-0 3d 639.53 3386.15 4.684E+04 1.39E-06
7d 1138.64 4376.35 10.08E+04 3.27E-05
14 d 1888.85 6374.47 11.43E+04 9.54E-06
28d 2156.13 6766.19 12.91E+04 1.92E-06
NCP-1 3d 621.57 3216.84 4.496E+04 7.08E-05
7d 1011.90 4070.01 9.374E+04 4.61E-04
14 d 1534.31 5832.64 10.37E+04 2.35E-05
28d 1869.49 6069.27 10.59E+04 8.49E-05
NCP-2 3d 566.74 2820.82 4.133E+04 6.73E-04
7d 916.35 3691.61 8.46E+04 5.10E-05
14 d 1371.28 5233.72 9.10E+04 7.54E-05
28d 1624.57 5510.96 9.68E+04 9.31E-05
NCP-3 3d 531.23 3678.33 3.95E+04 9.88E-06
7d 551.65 3311.78 3.87E+04 7.95E-06
14 d 654.73 3244.61 3.62E+04 3.74E-05
28d 745.69 3166.96 3.76E+04 4.90E-04
TCP-0 3d 425.69 2201.07 3.04E+04 1.27E-06
7d 760.12 2864.63 6.55E+04 3.00E-05
14 d 1237.75 4153.41 7.13E+04 8.74E-06
28d 1411.48 4338.02 8.49E+04 1.76E-06
TCP-1 3d 414.02 2290.95 2.92E+04 6.49E-05
7d 657.74 2745.51 6.09E+04 4.22E-04
14 d 997.30 3891.22 6.74E+04 2.15E-05
28d 1275.17 3945.03 7.78E+04 7.78E-05
TCP-2 3d 566.74 2820.82 3.13E+04 6.16E-04
7d 916.35 3691.61 3.46E+04 4.67E-05
14 d 1018.28 3233.72 3.10E+04 6.91E-05
28d 1024.57 3110.96 3.69E+04 8.53E-05
TCP-3 3d 531.23 3678.85 2.95E+04 9.05E-06
7d 551.65 3311.35 2.87E+04 7.28E-06
14 d 654.73 3244.93 2.66E+04 3.43E-05
28d 745.69 3166.16 2.76E+04 4.49E-04
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with age; the interfacial charge-transfer resis- of the low-frequency capacitive semicircle in the
tance of the steel bar is large, implying the forma- Nyquist plot gradually decreases, indicating that
tion of a relatively intact passive film. Although the passive film exhibits low stability, poor over-
the impedance of the chloride-dosed specimens all passivation performance, and limited protec-
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natural curing at the same conditions. The species at the steel-bar interface are continuously

low-frequency capacitive arc in the Nyquist plot
disappears, being replaced by an approximately
45° inclined straight line—a typical Warburg
diffusion signature [30]. This suggests a shift of
the interfacial process from charge-transfer con-
trol to diffusion control and indicates that, under
carbonation, reaction products and electroactive

diffusing and migrating.

3.2.3 Tafel results

The electrochemical behavior of MPC paste cured
for 3, 7, 14, and 28 days was also investigated
using polarization curves. and 11 show
the Tafel polarization curves of chloride-containing
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MPC specimens under natural curing and carbon-
ation curing conditions, respectively. According
to electrochemical corrosion theory, in the vicin-
ity of the corrosion potential E_,, (approximately
+10 mV), the potential-current response is linear
[31]. The corrosion current density of the metal
can be expressed as:

L B
corr R (3)

¥4

where I, denotes the corrosion current density;
R, is the polarization resistance, i.e., the slope of
the polarization curve at the corrosion potential
E..; and B is a constant determined by the anodic
and cathodic Tafel slopes 3, and [, of the corro-
sion process, as shown in . The specific
data are shown in

Variations in corrosion potential E_,, and cor-
rosion current density provide an effective basis
for evaluating the corrosion tendency and rate
of steel bar [32]. As shown in , when
the chloride concentration is below 20, the

The electrochemical parameters of MPC cement
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Schematic of the extrapolation method for deter-
mining polarization resistance

polarization curves shift with curing time toward
decreasing I, and more positive E_,,; by 28 days,
the corrosion current density at the steel surface
stabilizes. Although increasing chloride raises I,
and lowers E_,,, the values remain within a rela-
tively steady range, indicating the gradual forma-
tion of a passive film and a progressive reduction

No. Curing time |, (A/cm?) Ecorr (V) pa(mV dec’) PBc(mVdec')  Corrosionrate (g/m? h)
NCP-0 3d 2.31x 107 -0.504 10.7 -198.9 0.0245
7d 1.55 x 107 -0.379 8.8 -168.2 0.0164
14 d 1.37 x 1077 -0.154 10.6 -178.0 0.0145
28d 7.53 x 108 —-0.099 6.2 -177.9 0.0797
NCP-1 3d 5.63 x 107 -0.515 23.19 -178.0 0.0596
7d 4.89 x 107 -0.432 13.08 -121.14 0.0518
14 d 1.59 x 10”7 -0.176 11.92 -143.21 0.0168
28d 9.77 x 108 -0.122 10.53 -43.64 0.1035
NCP-2 3d 531 x 107 -0.528 22.75 -182.37 0.0562
7d 3.21 x 1077 -0.409 19.78 -125.05 0.0340
14 d 2.04 x 107 -0.316 15.82 -50.43 0.0216
28d 1.52 x 107 -0.161 16.35 -56.22 0.0161
NCP-3 3d 5.04 x 107 -0.546 24.01 -182.56 0.0534
7d 5.78 x 1077 -0.521 23.08 -114.85 0.0612
14 d 537 x 107 -0.471 17.2 -44.19 0.0569
28d 8.65 x 1077 -0.426 19.82 -47.22 0.0916
TCP-0 3d 5.95 x 107 -0.520 13.07 -188.00 0.0630
7d 2.31 x 107 —-0.408 12.48 -105.71 0.0245
14 d 1.02 x 1077 -0.278 9.82 -190.50 0.0108
28d 9.08 x 108 -0.176 8.86 -35.08 0.0962
TCP-1 3d 7.41 x 1077 -0.523 18.53 -150.00 0.0785
7d 4.56 x 107 -0.393 12.76 -140.86 0.0483
14 d 531 x 107 -0.303 11.91 -136.57 0.0351
28d 4.13 x 107 -0.189 11.53 -95.76 0.0226
TCP-2 3d 2.75 x 10-® -0.525 22.69 -76.91 0.0291
7d 1.07 x 10~ -0.465 20.31 -75.01 0.0113
14 d 831 x 1077 -0.439 19.58 -59.27 0.0880
28d 1.38 x 10 -0.394 19.34 -58.87 0.0146
TCP-3 3d 1.91 x 1077 -0.525 25.51 -75.35 0.0202
7d 1.58 x 10 -0.425 22.73 —-70.68 0.0167
14 d 2.25 x 10 -0.419 23.11 -78.95 0.0238
28d 3.31 x 10 -0.467 18.36 -61.86 0.0351
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in corrosion rate. When the chloride concentration
reaches 3%, the polarization curves exhibit the
opposite trend: with increasing curing time, E,,
decreases while I, increases, suggesting insta-
bility of the passive film and a higher probabil-
ity of corrosion. At the macroscale, the corrosion
area ratio and mass-loss ratio at 3% chloride are
86% and 81% higher, respectively, than at 2%,
which agrees with the electrochemical results. As
shown in , carbonation shifts the polar-
ization curves overall toward more negative E,,
and higher I, relative to natural curing. Even
without added chloride, the pH decrease induced
by carbonation increases the corrosion tendency

Micro-
structure of the
passivation film
on steel bars in
MPC cementi-
tious material
under natural
curing

Micro-
structure of the
passivation film
on steel bars in
MPC cementitious
material under
carbonation curing

of the steel electrode; however, I, remains low
and corrosion does not occur. Once the chloride
concentration exceeds 1%, I, shows a pro-
nounced upward trend compared to the naturally
cured specimens. When the chloride concentration
exceeds 2%, the corrosion current on the steel
electrode surface remains consistently high, indi-
cating that under carbonation conditions, the steel
surface remains in an active corrosion state and
has not yet reached a stable corrosion threshold.

3.3 Micro results
and show the micro-morphology
of steel discs in paste under natural and
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Micro-morphology and chemical composition of the passive film on the steel electrode surface

carbonation curing conditions, respectively. In
the absence of chloride, a stable phosphate-type
passive film forms on the steel surface. Accord-
ing to previous studies [33, 34], this film consists
mainly of iron phosphates (Fe,;(PO,),) and mag-
nesium-potassium dihydrogen phosphate hydrate
(MgKH,(PO,),-6H,0), which effectively suppress
steel corrosion. As the chloride content increases,
the film develops more surface pores, loses com-
pactness, and exhibits exfoliation/delamination,
leading to a significant reduction in corro-
sion-inhibiting capabilities. Under carbonation,
the passive film further deteriorates, with the
microstructure showing noticeable swelling and
the formation of additional voids and cracks. EDS
analyses ( ) of NCP-3 and TCP-3 indicate
that carbonation increases the C and ClI contents
in the film. Taken together, these results suggest
that carbonation promotes a transformation from
phosphate phases—originally providing superior
interfacial bonding to steel—to carbonate phases,
facilitating the inward migration of chloride ions
and undermining the stability and protective
effectiveness of the film.

4 Conclusions

This study systematically evaluates the corrosion
protection performance of magnesium phosphate
cement (MPC) for steel reinforcement under chlo-
ride, carbonation, and their coupled action. The
results indicate that chloride ingress significantly
weakens the protective performance of MPC, with
a critical chloride content of approximately 2%
under natural curing, which decreases to about
1% under carbonation. Carbonation further inten-
sifies chloride-induced corrosion, as reflected by
the negative shift in open-circuit potential (OCP),
the decrease in polarization/charge-transfer resis-
tances, the increase in corrosion current [, and
the Warburg-type diffusion behavior revealed by
low-frequency EIS under carbonation, indicating
enhanced diffusion characteristics.

Microscopic analysis shows that under the cou-
pled effect of chloride and CO,, the original iron-
phosphate-type passive film becomes more porous
and cracked, leading to the degradation of the steel-
to-matrix interfacial integrity. Corrosion tends to
become more uniform, with pronounced end effects.
In particular, carbonation induces a distinct trans-
formation of the passive film, with phosphate-rich
products gradually replaced by carbonate-containing
phases, which further accelerates corrosion.

From an engineering perspective, MPC remains
a promising binder for rapid repair and the pro-
tection of steel reinforcement. However, in envi-
ronments containing both chloride and CO,, the
chloride content should be controlled below the
identified thresholds (2% under natural curing
and 1% under carbonation), and MPC should
be used in conjunction with anti-carbonation
measures, corrosion inhibitors, and enhanced
interfacial protection strategies. These findings
underscore the necessity of implementing inte-
grated protective strategies to enhance the long-
term durability of reinforced concrete structures
exposed to chloride ingress and carbonation.
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