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Calcium sulfoaluminate cement (CSA) is a low-carbon cementitious material that significantly reduces alkalinity and produces
calcium hydroxide-free (CH-free) matrix environment in comparison to ordinary Portland cement (OPC). It might be, however,
less efficient towards the passivation of steel in concrete and further investigation before widespread adoption is required. In this
project, scanning electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDX) on polished samples was employed to
provide the interfacial characterization of steel reinforced CSA concrete and study the relationship of interfacial quality and
corrosion resistance of the embedded steel. .e galvanostatic polarization behavior indicates that the steel embedded in CSA
concrete remains passive for 28 days in absence of Cl− ions and carbonation.Microstructure analysis has shown that there is an Al-
enriched layer at interfacial zone in CSA concrete with the main hydration product of AH3, which is also alkaline and is expected
to improve the steel passivity. Furthermore, the interfacial zone has markedly reduced porosity compared to the bulk matrix,
which leads to reduced possibility of current flow between anode and cathode and therefore improves the corrosion resistance of
the embedded reinforcement.

1. Introduction

Steel reinforced concrete has become the most important
construction material in engineering in present days;
however, the cement industry is challenged as it significantly
contributes to global CO2 emissions every year. .erefore, a
low-carbon alternative to ordinary Portland cement (OPC)
is of great importance for environmental benefits. Due to the
requirement of less amounts of limestone in the rawmaterial
and reduced burning temperature, calcium sulfoaluminate
(CSA) cement has been developed as a low-carbon ce-
mentitious material [1, 2]. .e use of CSA cement has the
potential of reducing up to 35% of CO2 emissions from the
cement industry [3]. It also has high early strength, reduced
drying shrinkage and improved anti-freeze property.

Maintaining high pH at the steel/concrete interfacial
zone (ITZ) is essential to guarantee the normal engineering
function of the embedded rebar in concrete over structural

lifetimes. However, a pore solution with lower pH value, at
around 11, has been developed within CSA cement [4].
Debates still continue on the passivation of the embedded
steels in CSA concrete matrix, which limits a wider appli-
cation of CSA cement [5–7]. Research by Kalogridis et al. [5]
demonstrated that reduced alkalinity in CSA cement pore
solution may have an adverse effect on the corrosion re-
sistance of embedded reinforcement and is likely to increase
the corrosion risk. Research by Glasser and Zhang [6]
revealed an excellent protection of embedded mild steel by
CSA cement matrix after 14 years of service. Carsana et al.
[7] stated that the pore solution of CSA cement was enough
alkaline to passivate the embedded reinforcement, showing a
high electrical resistivity of 100Ω·m at 1 d.

For microstructural reasons, the nature of steel/concrete
ITZ is a key factor in governing the corrosion resistance of
the embedded reinforcement. Numerous studies have been
carried out to investigate the relationship between the
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quality of steel/concrete ITZ and the corrosion resistance of
the embedded reinforcements in steel reinforced OPC
concrete, on both macroscopic and microscopic levels
[8–12]. It was reported that the steel/concrete ITZ with
superior quality may reduce the time to corrosion initiation
or slow down the corrosion rate [13]. Increased volumes of
air voids in the vicinity of steel may either initiate or ac-
celerate the corrosion by facilitating a rapid oxygen uptake,
thereby promoting the cathodic oxygen reduction reaction
[8].

.erefore, it is essential to investigate the microstruc-
tural characteristics and chemical compositions at steel/
concrete ITZ in steel reinforced CSA concrete, before more
green and durable steel reinforced concretes can be pro-
duced. .e present research mainly focuses on the chemical
compatibility between the hydrated CSA cement and steel
reinforcement. Electrochemical performance of steel rein-
forcement and microstructural characteristics at steel/con-
crete ITZ are examined in this study.

2. Materials and Methods

A commercial CSA cement was used in this research. Steel
bars with a diameter of 10mm were used as the rein-
forcements, and they were gently wiped with acetone to
remove a loose rust layer on the surface. Standard steel
reinforced CSA concrete cubes were then cast with four steel
bars inserted vertically into the concrete. For comparison,
steel reinforced concretes made by OPC cement were also
cast as references. Mixing designs of both CSA and OPC
concrete are presented in Table 1.

In order to investigate the hydration mechanism of CSA
cement, a pure CSA cement paste with aw/c ratio of 0.69 was
prepared for X-ray diffraction (XRD) and thermal analyses.
Samples were cured at 21°C under water in a sealed plastic
bag for 1 d, 7 d and 28 d. Pure Portland cement paste (CEM
0049 32.5R provided by Hanson Cement) with a w/c ratio of
0.69 was also produced according to EN 197-1 [14] as a
reference sample. Chemical compositions of the two cement
systems are listed in Table 2. Clinker compositions of the
CSA cement are Ye’elimite 62.3%, belite 22.5%, and gypsum
15.2%.

.ermal analysis was undertaken by Stanton Redcroft
Simultaneous .ermal Analysis STA-780. At specified
curing ages, a cement paste hydration was stopped by im-
mersion in acetone [15] and freshly ground cement powder
was heated in a furnace under constant flow of nitrogen at
ramping rate of 20°C/min. For the analysis of crystalline
hydration products, XRD was studied by Bruker D8, op-
erating at 40 kV and 40mA between 5° and 80° (2θ) at a step
size of 0.0333 degree.

In order to examine the passivation of reinforcement
embedded in CSA concrete, polarization behavior was in-
vestigated in a standard three-electrode cell controlled by
potentiostat (Autolab PGSTAT 302N potentiostat from Eco-
chemie, .e Netherlands). After curing at 21°C for 28 d, the
steel bars were positioned as working electrodes, stainless
steel ruler was used as a counter electrode, and copper-
copper sulfate electrode was the reference electrode. A

constant 50 μA/cm2 current was applied through a saturated
calcium hydroxide (CH) solution.

In this project, scanning electron microscopy analysis
(SEM) was undertaken by JEOL JSM-5800LV, and back-
scattered electron (BSE) mode was chosen to investigate the
microstructural characteristics at steel/concrete ITZ.
Meanwhile, spot analysis for representative points at ITZ
was carried out by Energy dispersive X-ray (EDXA) detector.
Digital image analysis technique performed on KS 300
imaging system (developed by Carl Zeiss Vision) was used to
study the porosity at ITZ. Detailed procedures of imaging
analysis technique can be found in the previous work [16].

3. Results and Discussion

3.1. STA. Differential thermal analysis (DTA) curves of
hydrated CSA cement paste cured for 1 d, 7 d, and 28 d are
given in Figure 1(a). In the 1 d aged sample, a significant
endothermic peak at 135°C indicates the formation of
ettringite [17]. Ettringite results from the rapid reaction of
calcium sulfoaluminate with water, while gypsum is avail-
able (equation (1)). In the 7 d aged samples, ettringite for-
mation can also be traced at 135°C. Besides this, there is
another broad endothermic peak at about 160°C, which can
be related to the dehydration of strätlingite [17]. Formation
of strätlingite will be further discussed in Section 3.2. .e
adjacent small step at 180–220°C is linked to the occurrence
of monosulfate [17], which results from the hydration of
calcium sulfoaluminate with the depletion of gypsum
(equation (2)). Water loss of AH3 is also found in hydrated
CSA cement at all the three investigated curing ages, relating
to a small endothermic peak at 280–300°C [18]. It is gen-
erated from the hydration of calcium sulfoaluminate both
with and without the occurrence of gypsum as shown in
equations (1) and (2). At 28 d, two heat endotherms at
125–180°C become considerably broader with indefinite
boundaries, which can normally be attributed to ettringite
and strätlingite. .e strongest peak has a tendency to shift
towards higher temperatures, suggesting a relative pre-
dominance of strätlingite over ettringite at 28 d.

C4A3S+2CSH2 +34H⟶C3A ·3CS ·32H

+2AH3(ettringite formation)

(1)

C4A3S+18H⟶C3A ·CS ·12H
+2AH3(monosulfate formation)

(2)

DTA curves for hydrated OPC paste cured for 1 d, 7 d,
and 28 d are shown in Figure 1(b). It is obvious that the DTA
curves consist of a strong central peak at about 120°C, which
is indicative of the presence of calcium silicate hydrate (C-S-
H) gel, with two neighboring broad endotherms at both
sides, which can be related to the evaporation of weakly
bound pore water at 100°C and dehydration of ettringite at
about 180°C. With ageing, the strong central endotherm
tends to become broader and deeper, suggesting an
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increased C-S-H gel formation. A prominent shoulder at
∼200°C is representative of the formation of monosulfate
[17], and this peak becomes broader with increasing curing
age. .e subsequent step at about 420°C is indicative of the
formation of CH [19], which is one of the main hydration
products of OPC paste. In addition, a small peak at about
700°C indicates the existence of calcite [19], which is mainly
caused by incidental carbonation of CH.

3.2. X-Ray Diffraction. XRD results of CSA cement powder
and hydrated CSA cement pastes cured at 1 d, 7 d, and 28 d
are shown in Figure 2. Ye’elimite can be traced in CSA
cement powder as the main clinker phase. It reacts with
water and is consumed during 28 d. Remnants of belite at
28 d demonstrate its lower reactivity and relatively slower
hydration process compared to Ye’elimite. Moreover, ab-
sence of CH can be observed in the hydrated CSA paste at all
the investigated samples. Crystalline hydration product is
mainly ettringite at early ages. With the progress of

1

0

–1

–2

–3

–4

D
TA

 tr
ac

es

0 200 400 600 800 1000
Temperature (°C)

1d
7d
28d

(a)

–2.5

–2.0

–3.0

–1.5

–0.5

0.0

0.5

–1.0

1.0

D
TA

 tr
ac

es

0 200 400 600 800 1000
Temperature (°C)

1d
7d
28d

(b)

Figure 1: STA results of hydrated (a) CSA cement paste and (b) OPC paste cured at 21°C for 1 d, 7 d, and 28 d.
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Figure 2: XRD pattern of CSA cement powder and hydrated CSA
cement pastes cured at 21°C for 1 d, 7 d, and 28 d. S, strätlingite; E,
ettringite; M, monosulfate; Y, Ye’elimite; B, belite.

Table 1: Mixing designs of CSA and OPC concrete.

Cement (kg/m3) Water (kg/m3) Water/cement (w/c) ratio Fine aggregate (kg/m3) Coarse aggregate
(kg/m3) Super plasticiser (%)

CSA 309 213 0.69 740 1100 1.0
OPC 309 213 0.69 740 1100 1.0

Table 2: Oxide composition of the CSA and OPC cement powder (by wt. %).

CaO SiO2 Al2O3 SO3 Fe2O3 MgO K2O Na2O TiO2 SrO BaO Mn3O4 LOI
CSA 42.33 9.00 33.82 8.83 1.35 2.29 0.22 0.12 1.61 0.07 0.02 0.03 0.31
OPC 62.14 19.42 4.83 4.81 1.95 2.13 0.75 0.24 0.24 0.07 0.02 0.07 3.33
LOI: loss on ignition.
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hydration, increasing amounts of strätlingite and mono-
sulfate (both AFm phases but with different interlayer an-
ions) are formed and gradually dominate in the aged sample,
which agrees with the DTA results in Figure 1(a). Strätlingite
is generated by the continuous consumption of belite and
AH3 gel:

C2S + AH3 + 5H⟶ C2ASH8(strätlingite formation)

(3)

3.3. Electrochemical Tests. Polarization potential-time
curves of steel reinforced CSA and OPC concrete are pre-
sented in Figure 3. .e polarization potential rapidly in-
creases to a value of about 600mV at 2min. As duration of
polarization increases, the potential slightly decreases from
608mV to 553mV. Subsequently, a steady value is main-
tained at about 550mV. .erefore, it can be concluded that
the reinforcement embedded in CSA concrete is passive and
can protect the steel from corrosion at this stage. Similar
conclusions can be obtained for the reference OPC sample.

3.4. SEM

3.4.1. ITZ in Steel Reinforced CSA Concrete. To find out the
potential correlation between steel/concrete ITZ and pas-
sivation of the embedded steel, microstructure of steel
reinforced CSA concrete aged for 28 d is characterized in
Figure 4. Individual phases in the BSE image include the steel
reinforcement, unhydrated cement clinker, and ettringite.
Steel reinforcement has the lightest color and is surrounded
by a continuous rust layer. Accordingly, unhydrated cement
clinker displays the lightest grey scale within the matrix.
Block-shaped ettringite with lengths of about 10 µm can be
found in the bulk matrix..e particles are connected to each
other, forming interlocking networks with significant in-
ternal porosity. Large voids are also presented in the matrix.

A close contact between CSA concrete and reinforcement
is observed, and fewer air voids exist at ITZ than those in the
bulkmatrix..e porosity at ITZ has been quantified by digital
imaging analysis technique, as shown in Figure 4(b). It is
obvious that there is a significantly reduced porosity at ITZ
(within the first 25 μm) than that in the bulk matrix; this is
because of the availability of abundant water at ITZ due to the
hydrophobicity of steel. Excessive water could facilitate a
higher hydration degree, which results in a refined and
densified microstructure with reduced porosity. .e average
porosity in bulk matrix is as high as 6.5%, and this can be
attributed to the interlocking structures of ettringite with
great porosity. However, these porous networks are clustered
independently in the matrix, with transportation of detri-
mental ions restricted to some extent. Moreover, owning to
the refined porosity at ITZ, these detrimental ions are difficult
to penetrate into the reinforcement surface. .erefore, a
current flow between anode and cathode mediated by pore
solution could be restricted by reduced porosity at ITZ, and
thus the electrochemical reaction is less likely to occur.

According to the EDX mapping, Al-rich areas with
varying widths can be observed on the steel surface.

Meanwhile, a very thin sulfur layer is also clustered on the
rebar surface, which may be assigned to either ettringite or
monosulfate if combined with the mapping of Al (and, to
less extent, Ca). EDX spot analysis for typical Point ‘1’ at
ITZ suggests that corresponding Al/Ca atomic ratio is as
high as 2.36, compared to a value of 0.33 for pure ettringite
and 0.5 for pure AFm. .e Al-enriched hydrating phases
with different thicknesses on steel surface are presumably
considered to be fine intermixtures of AH3 gel and other
Ca-included hydration phases such as ettringite and
monosulfate, according to the Ca signal in Figure 4(c).
Similar to the high alkaline CH layer at ITZ in steel
reinforced OPC concrete, there is an Al-enriched layer at
ITZ in CSA concrete with the main hydration product of
AH3, which is alkaline and is therefore expected to improve
the steel passivity [7].

.erefore, the Al-enriched phases at ITZ are expected to
passivate the steel by reducing porosity and maintaining
alkalinity by AH3 formation.

3.4.2. ITZ in Steel Reinforced OPC Concrete.
Microstructure of steel reinforced OPC concrete aged for
28 d is illustrated in Figure 5. As the reference OPC sample
has a high w/c ratio of 0.69, a higher degree of hydration has
been achieved, and anhydrous cement clinker is seldom
observed in the bulk matrix. .ere is an overall close contact
between the concrete matrix and the embedded reinforce-
ment; however, microstructural defects of clustered air voids
can be observed occasionally at ITZ. Porosity data at ITZ in
Figure 5(b) suggests that SEM-resolvable porosity near the
steel surface (∼5 μm distance away from steel surface) is as
high as ∼5.5% compared to an average 1% in the bulkmatrix.
Increased levels of porosity near the steel surface (within
5 μm) may provide an increased frequency of ion transport
in the vicinity of reinforcement, particularly for detrimental
Cl− and O2−, which consequently may lead to higher pos-
sibility of reinforcement corrosion initiation. .is is in
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Figure 3: Polarization potential-time curves of steel reinforced
CSA and OPC concrete.
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Figure 4: Microstructure of steel reinforced CSA concrete aged for 28 d: (a) microstructure of steel reinforced CSA concrete, (b) porosity at
ITZ, (c) EDXA spot analysis of Point ‘1’ at ITZ, and (d) elemental mappings of Fe, Ca, Si, Al, and S.
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agreement with previous research [9] indicating that higher
corrosion rates can be observed in the presence of increased
voids at ITZ.

EDX spot analysis on Point ‘2’ (Figure 5(c)) illustrates
that there is an abundant calcium on reinforcement surface,
accounting for as much as 93.2 wt. %. Elemental mapping of
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Figure 5: Microstructure of steel reinforced OPC concrete aged for 28 d: (a) microstructure of steel reinforced OPC concrete, (b) porosity at
steel/concrete interface, (c) EDXA spot analysis of Point ‘2’ at ITZ, and (d) element mappings of Fe, Ca, Si, Al, and S.
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calcium (Figure 5(d)) shows that there exists a discontinuous
calcium-enriched layer at the ITZ, which is indicative of the
presence of CH and/or C-S-H according to the hydration
mechanism of OPC cement. Small amounts of Al can also be
found occasionally in the vicinity of steel surface, suggesting
the inclusions of ettringite or monosulfate at ITZ. According
to the EDX mapping, there is not much Si at the ITZ, which
indicates that C-S-H is not abundant at ITZ and is primarily
associated with CH. .is is consistent with the previous
reports that suggested a noncontiguous CH precipitation
layer near the steel surface [10].

.ese results suggest that the interface in steel reinforced
OPC concrete is dominated by CH, with some inclusions of
ettringite and/or monosulfate phases. However, increased
levels of porosity can be observed near the steel surface,
which may cause a higher possibility of ion transport in the
vicinity of reinforcement, particularly Cl− and O2−, which
may consequently lead to reinforcement corrosion
initiation.

4. Conclusions

According to the thermal analysis and XRD results,
ettringite is the main hydration product in CSA cement at
early stage. With increasing curing ages, strätlingite and
monosulfate become dominant in the hydrated CSA cement
systems. Polarization potential shows that the steel em-
bedded in CSA concrete remains passive for 28 d in absence
of Cl− ions and carbonation.

Microstructural analysis demonstrates that there is an
aluminate-enriched layer at steel/concrete ITZ in steel
reinforced CSA concrete, which confirms the wall effect of
reinforcement. .e main hydration product of this Al-
enriched layer is AH3, which is also alkaline and is expected
to improve the steel passivity in absence of Cl−ions and
carbonation. In addition, microstructural observation shows
that the steel/concrete ITZ of steel reinforced CSA concrete
is of high quality with reduced porosity, which may lead to
reduced possibility of current flow between anode and
cathode and therefore could improve the corrosion resis-
tance of the embedded reinforcement to some extent.
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