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Electrochemical impedance spectroscopy and polarization techniques were used to assess the impact of
the addition of glass fibers (GFs) in a range of concentrations to magnesium phosphate cement (MPC)
on the electrochemical corrosion resistance of HRB500 steel reinforced concrete while it was
immersed in a 3.5wt.% NaCl solution to simulate a marine environment. Due to the reduction in water
absorption and chloride ion permeability, reinforced concrete containing 4wt% GFs was most
successful in improving the corrosion resistance of reinforcement bars. The SEM micrograph of the
samples showed that the addition of GFs improved the separation and irregularity structure of the steel
rebar. The findings show that the GFs as an admixture improve concert durability and stop corroding
ions from penetrating the surfaces of the steel rebars, suggesting that it may be a substitute material in
the growth of the construction sector.

Keywords: Glass fibers; Corrosion resistance; Magnesium phosphate cement; Reinforced concrete;
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1. INTRODUCTION

The major binder in conventional concrete is ordinary Portland cement (OPC) [1, 2]. However,
it is well-known that the high embodied energy consumption and CO, emissions associated with OPC
manufacturing have a detrimental effect on the environment [3-5]. Magnesium phosphate cement
(MPC) seems to be a form of chemically bonded ceramic (CBC) that is created when phosphates and
magnesium oxide (MgQO) combine in an acidic base [6, 7]. MgO reacts with PDP or ADP to form K-
struvite or struvite, respectively, as hydration products to create magnesium potassium phosphate
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cements and magnesium ammonia cements, which are kinds of MPC [8, 9]. It is also a clinker-free
cement in which the mechanism of strength growth occurs as a result of the rapid production of
cementitious products of the hydrogel type [10, 11]. The significance of MPC within the categories of
elevated materials in the field of civil engineering has been established by earlier studies [12-14].

When chloride ions are present in the environment, steel reinforcing used in infrastructure can
corrode and cause cracks in the cement concrete [15, 16]. Through these gaps, oxygen, moisture, and
chloride ions may enter the steel reinforcement quickly, accelerating the corrosion process and
degrading the concrete [17]. The corrosion that results from this can even cause steel reinforcement in
concrete to separate from it [18, 19]. Recently, the use of admixtures has received special attention in
construction application, particularly in cement concrete and mortar [20]. Among various
manufactured materials, fibers have recently been indicated to advance the stability and microstructure
of cement-based systems [21].

Nonetheless, fully protecting all metal rebars in concrete is difficult [22]. According to several
studies, using additives in concrete provides the most efficient and straightforward approach to lower
building costs, reduce environmental pollution, and increase the durability of concrete [23, 24].
Admixtures are added to concrete to improve its qualities in place of cement [25-27]. Additionally, it
can lower concrete density and cut down on CO2 emissions [28-30].

The expansion of concrete reinforced with various fiber types have been the subject of
numerous studies, which has improved the material's mechanical and chemical resilience [31, 32].
These characteristics are the essential elements that can support concrete usage in the building industry
[33, 34]. Additionally, fiber mixing is an important tactic that may be used to reduce the mechanical
and physical constraints of reinforced concrete and expand the scope of its applications [35, 36].

Although glass fibers (GFs) have been shown to enhance the electrical resistivity and reduce
the specific surface area and permeability, the effect of GFs on the corrosion resistance of steel rebars
has not been previously reported. Hence, this work focused on the effect of GFs in various
concentrations in MPC on the corrosion resistance and electrical resistivity of steel rebars.

2. MATERIALS AND METHOD

In a similar way to Portland cement, the MPC was made from a mix of dead-burned MgO,
NH4H2PO4, fly ash (FA), and borax in different amounts.

The Taishan-Refractory-Plant in Shanghai provided the powder with a specific surface area of
220 m2/kg and a particle size average of 1.1 Im. It was calcined for 5 hours at approximately 1400 °C,
yielding a purity of 92.5%. The borax and ammonium dihydrogen orthophosphate used in this study
were of industrial grade. Table 1 displays the chemical make-up of both magnesia and fly ash. In the
current work, a glass fiber with a diameter of 9.4 mm and a length of 12 mm was employed. Table 2
lists the glass fiber's physical characteristics.
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Table 1. Chemical compositions of MPC and FA

Table 2. Glass fiber's physical characteristics

Each sample contained MgO, NHsH2PO4, FA, borax, sand, and glass fiber, and the weight ratio
of water to solid (W/C), which was kept at 0.16, was designed for the specimen with fiber volume
percentages of 1%, 2%, 3%, and 4%. The samples were made with a constant mixture of borax (3.5%
of the mass of metal oxide), with sand/binder ratios of 1:1, 1:1.2, and 1:1.5. It is important to note that
glass fiber increases the water needed while the water to solids ratio affects the specimen's strength.
When the volume percentage of fiber increases or the cement/sand ratio is less than 1:1, the water
reduction (Sodium Polyacrylate, PAAS) must be adjusted in order to maintain the fluidity of the mix
and the practicability of the specimen.

In this study, the corrosion resistance of HRB500 steel with a 2 cm diameter was examined.

Parameters MPC FA
MgO (%) 89.14 1.76
SiO; (%) 4.98 54.74
Al,O; (%) 2.74 25.52
Fez0s (%) 1.12 6.65
Ca0 (%) 1.53 8.82

P203 0.12 -
K20 (%) - 0.31
Na.O (%) - 0.30
SOs (%) - 0.62
LOI (%) 0.37 1.28

Properties
Linear density (dtex) 1.53
Dry density (g/cm?®) 2.5
Breaking strength (MPa) 1510
Modulus of elasticity (GPa) 29.5
Elongation at break (%) 5.4

The chemical make-up of HRB500 steel is presented in Table 3.

Table 3. Chemical compositions of HRB500 steel rebar
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Figure 1. Schematic diagram of the HRB500 steel reinforced MPC used as a working electrode in
electrochemical experiments

To make working electrodes, the concrete mixture was poured into a cylindrical mold with a
diameter of 10 cm and a height of 25 cm, and a steel rebar was placed vertically in the center. Open
circuit potential (OCP) was measured through a high-impedance voltmeter with an input resistance.
EIS as nondestructive monitoring techniques were used to study the corrosion behavior of mild steel
rebars. An electrochemical procedure was used with the HRB500 steel reinforced MPC, saturated
calomel and graphite as the working, reference and counter electrodes, respectively. Figure 1 shows a
schematic diagram and detailed dimensions for a reinforced MPC sample. The samples were immersed
in the media containing 3.5wt% NaCl. A unique piece of software was used to analyze the results that
were produced. Analyses using electrochemical impedance spectroscopy (EIS) were carried out in the
100 kHz to 100 pHz frequency range. The polarization experiment was conducted at a scan rate of
ImV/s starting at 0.25V. As per ASTM C642, water absorption was measured. Using a scanning
electron microscope (SEM), the morphological properties of HRB500 steel rebars were studied.

3. RESULTS AND DISCUSSION

The water absorption of MPC with different levels of GFs exposed to 3.5wt% NaCl solution
after 2-days, 2-weeks, 1-month and 2-months is revealed in Fig. 2. As shown, all the samples with GFs
reveal a decrease in water absorption by rising immersion time compared to the MPC sample. This
means that GFs in MPC structures may decrease the water absorption of MPC after being exposed to
the marine environment. The MPC specimen with 4% GFs shows lower water absorption compared to
the other specimens, displaying a significant effect on water absorption by adding both GFs in MPC.
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Figure 2. Water absorption of MPC with different level of GFs exposed to 3.5wt% NaCl solution after
2-days, 2-weeks, 1-month and 2-months

Figure 3. FESEM images of HRB500 steel in MPC specimens with (a) 0 wt% GFs, (b) 4.0 wt% GFs
immersed in 3.5% NaCl solution after two months of exposure time at room temperature

Figure 3 displays the FESEM images of HRB500 steel in MPC specimens with 0 wt% GFs and
4.0 wt% GFs immersed in 3.5% NaCl solution after two months of exposure time at room temperature.
The surface of rebars in MPC specimens with 4.0 wt% GFs content shows the lowest pits and minor
corrosion Yyields, indicating the slight pitting corrosion shaped onto the surface of HRB500 rebar,
which is in accordance with the results attained from water absorption analysis. It may be associated
with the reduction of water permeability and CI™ ion into reinforced MPC samples. The large pores
may be altered to lesser pores by the addition of GFs, resulting in an alteration in the structure of MPC
[37, 38]. These results reveal that GFs in MPC created a decrease in corrosion rate and enhanced
corrosion resistance of HRB500 rebars due to the reduction of water permeability and CI™ ion [39-41].
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Figure 4. EIS curves of HRB500 steel coated with glass fiber reinforced magnesium phosphate cement
composite in 3.5 % NaCl (GF content: 0,1,2,3 and 4%) after 4 weeks of immersion time. Inset
figure shows fitted circuit model

Table 4. The attained data for HRB500 steel coated with glass fiber reinforced magnesium phosphate
cement composite in 3.5 % NaCl (GF content: 0,1,2,3 and 4%) after 4 weeks of immersion

time
Level of GFs Rs (Q) Ri(kQ) C{(uFem™?) | Rei(kQ) | Cai(uFem™)
0 wt% 36.5 14.68 19.3 17.54 23.8
1 wit% 42.9 17.49 17.1 21.37 19.8
2 Wt% 39.8 18.78 14.8 23.74 18.2
3 wWt% 37.3 32.46 12.4 38.96 14.3
4 wWt% 43.7 39.53 9.6 49.63 12.4

The EIS method has been utilized for studying corrosion resistance of HRB500 steel coated
with glass fiber reinforced magnesium phosphate cement composite in 3.5 % NaCl (GF content:
0,1,2,3 and 4%). The Nyquist curves attained from EIS measurement were revealed in Fig. 4. Inset of
Fig. 4 exhibited an equivalent circuit model used in this research. Where Rs presents solution's
resistance [42-44]. R and Cr¢ show the resistance and capacitance of modified MPC concrete,
respectively. Rt and Cq are charge-transfer-resistance and double-layer-capacitance of the HRB500
steel surface, respectively [45-47]. The attained data is revealed in Table 4.

As shown in table 4, with the addition of GFs in the MPC, Rs rises and Cs reduces, which
displays an enhancement to the stability, corrosion resistance, and passive layer thickness of the
HRB500 steel. Because of their large surface area, GFs can form a strong bond with hydrated cement,
which explains why a larger reserve of Ca(OH): is growing [48, 49]. These GFs fill up capillary holes
and minor cracks and then get constricted into the MPC structure. These factors improve the corrosion
resistance of HRB500 rebars in 3.5wt% NaCl media. Furthermore, comparing Cs and Cqi, it was
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detected that Cq was more than Cs in all specimens, which confirms the formation of a thin passive
film [50-52].

In order to explore the passive film development and redox responses of the samples in
aggressive media, CV examinations were used. Fig. 5 exhibits the CV plots of HRB500 steel coated
with glass fiber reinforced magnesium phosphate cement composite in 3.5 % NaCl (GF content:
0,1,2,3 and 4%). The anodic and cathodic peaks may be seen in Fig. 5.

Current (nA)
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Figure 5. CVs of the HRB500 steel coated with glass fiber reinforced magnesium phosphate cement
composite in 3.5 % NaCl (GF content: 0,1,2,3 and 4%) after 4 weeks of immersion time

Anodic peak was seemed at an estimated potential of 0.24V aimed at all samples that is related
to alteration starting Fe?* ions toward Fe* ions and the creation of a passive layer onto the surface of
HRB500 rebars.

The current-density values in zero-potential (io) can show the corrosion resistance of the
passive layer. A greater value suggests lower corrosion resistance [53, 54]. As shown in fig. 5, rebars
in MPC specimens with 4.0 wt% GFs content display lower io, showing lower corrosion. The reduction
in ip may be correlated to the steadiness of the passive layers shaped on the HRB500 surface. Figure 5
shows a cathodic peak detected at a potential of 0.13V. When the potential taken moved to a further
negative value, the cathodic current-density quickly developed which may be related to
electrochemical technique controlled via hydrogen increase.

Polarization curves of HRB500 steel coated with glass fiber reinforced magnesium phosphate
cement composite in 3.5% NaCl (GF content: 0,1,2,3, and 4%) are shown in Figure 6. As shown in
Fig. 6, all HRB500 rebars have passive areas that are analyzed by an anodic polarization graph,
suggesting that the presence of a passive layer onthe steel's surface after exposure to a
salty environment is clear. Additionally, a massive change in the oxidation potential inside the
direction of positivity was observed, showing that the anodic metals dissolving was successfully
delayed by altering the concentration of GFs in structural concrete [55, 56].
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Figure 6. The polarization of HRB500 steel coated with glass fiber reinforced magnesium phosphate
cement composite in 3.5 % NaCl (GF content: 0,1,2,3 and 4%) after 4 weeks of immersion
time

Table 5. Corrosion parameters attained from polarization plots in Figure 6.

Level of GFs Corrosion current Corrosion Be(mVdec?) | -Ba(mVdec™)
density(HA/cm?) potential (V)
0 wt% 0.52 -0.33 51 31
1 wt% 0.47 -0.31 54 35
2 Wt% 0.40 -0.30 57 39
3 wt% 0.42 -0.29 50 44
4 wWt% 0.38 -0.27 48 43

The passive region for HRB500 rebars in MPC specimens with 4.0 wt% GFs content was much
wider than the other specimens. A further indication of the improved corrosion resistance of
HRB500 steel reinforced concrete having GF admixtures is the fact that the passive current density in
rebars in MPC specimens with 4.0 wt.% GFs content was lower than that in other specimens.
Mechanical properties and durability of concrete structures were improved as a result of the GFs'
reaction with free Ca(OH). during cement hydration and subsequent formation of calcium silicate
hydrate [57, 58]. Table 5 displays the corrosion parameters that were determined from the polarization
plots in Figure 6.

The Durar-Network Specification has four levels that can be used to separate the corrosion
level. However, the corrosion current-density (icor) Of HRB500 rebars in MPC specimens with 4.0



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221133 9

wt% GFs content in 3.5wt% NaCl media was lower in coparision with other specimens. Therefore,
except for the MPC specimen with 0 wt% GFs, all HRB500 steel stayed in a passive condition
throughout the electrochemical reaction, demonstrating the material’s excellent corrosion resistance in
a salty environment [59].

Additionally, as shown in table 5, different concrete samples' cathodic Tafel slopes (Bc) and
anodic Tafel slopes (Ba) values fluctuate. It is possible to identify the inhibition of HRB500 steel, the
composition of the working electrode, and the charge-transfer coefficient using the change in Tafel
slope values. Table 4 demonstrates that the ¢ values in the varied concrete specimens are unchanged,
indicating that the cathodic reaction's impact on the hydrogen discharge process is unaltered. The Ba
values can, however, alter in different concrete specimens, indicating a blockage in anodic reactive
species [60, 61]. Furthermore, the HRB500 rebars' Ba values rise in MPC specimens with a 4.0wt%
GFs content, suggesting that the GFs in concrete structures can aid HRB500 steel's ability to resist
corrosion in a 3.5 wt% NaCl medium.

Figure 7 indicates corrosion potential for HRB500 steel coated with glass fiber reinforced
magnesium phosphate cement composite made by various levels of GFs exposed in 3.5% NaCl at
different immersion time. HRB500 steel reinforced concrete showed that the MPC sample including
4wt% GFs indicated a 10% corrosion probability at almost all immersion times. However, MPC
sample with Owt% GFs was shown an uncertain corrosion at all exposure times, showing the slight
separation of the passive film or initiation step of pitting corrosion [62].

0
—o— 0 wt% GFs
-1 wt% GFs
2 wt% GFs
01 3 wt% GFs
et 4 Wt% GFs

Corrosion potential (V)

-0.4 T T

0 4 8 12 16 20
Immersion time (week)

Figure 7. Corrosion potential for HRB500 steel coated with glass fiber reinforced magnesium
phosphate cement composite in 3.5 % NaCl (GF content: 0,1,2,3 and 4%) at different
immersion time
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4. CONCLUSIONS

Corrosion prevention may be possible with a partial substitution for MPC. In this study, the
impact of adding GFs to MPC in a range of concentrations on the corrosion resistance of HRB500 steel
reinforced concrete was assessed using polarization and EIS techniques while submerged in a 3.5
weight percent NaCl solution to simulate a maritime environment. Due to the reduction in water
absorption and chloride ion permeability, reinforced concrete containing 4 wt% GFs was the most
successful in improving the corrosion resistance of HRB500 steel rebar. According to the surface
properties of the samples, GFs improved the separation and irregularity structures on steel rebars. In a
3.5 wt% NaCl solution, the 4 wt% GFs sample has a lower corrosion current density than the other
samples. According to the findings, GFs as an admixture improves concert durability and stops
corroding ions from penetrating the surface of HRB500 steel rebars, which can be a substitute material
in the development of the construction sector.
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