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Electrochemical impedance spectroscopy (EIS) was used to study the hydration procedure of calcium
sulfoaluminate (CSA) cements as a nondestructive testing method. The CSA cements were prepared by
mixing the CSA clinker with commercial micronized natural gypsum. The compressive strength
evolution of mortars prepared from gypsum pastes indicates that the results are in perfect agreement with
the formation of the ettringite. The experimental results indicate that the EIS behavior of CSA cements
was varied with the hydration process and increasing hydration time, as the resistance of ion transport
processes (Rct) gradually increased. Furthermore, the Rcr and semicircle Nyquist curve in high-
frequency reduces gradually by increasing the water cement ratio. The curve of impedance spectrum
move to the right by increasing gypsum content in cement paste resulting in the increase of Rct1 with
gypsum concentration increasing. The experimental findings show that EIS method is an appropriate
technique for evaluation of the hydration feature of CSA cements.
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1. INTRODUCTION

The desire to produce sustainable cement development has led to an increase in research activities
on calcium sulfoaluminate (CSA) over the past few decades [1-3]. CSA cements are introduced as a very
interesting hydraulic binders to achieve both durability and sustainability. The CSA cement production
releases less CO into environment relative to Portland cement (PC) [4, 5]. Indeed, the furnace
temperature required to produce a CSA clinker is about 1250 °C, which is lower than the used
temperature for PC clinker [6]. Furthermore, the low demand of limestone for the production of CSA
cement decreases its carbon footprint [7, 8]. The intrinsic porous property of CSA clinker makes it easily
grindable which leads to an improvement in energy saving [9].
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The initial hydration of CSA cement materials is principally follows the reactivity and the amount
of the calcium sulfate added [10, 11] which creates major crystalline phases monosulfate and ettringite
[12]. Moreover, the hydration heat is completely released through the first day of hydration [13]. The
water cement (w/c) ratio needed for complete hydration in the CSA cements is higher than an ordinary
Portland cement (OPC). For example, pure Ye’elimite reacted with an amount of anhydrite to produce
ettringite needs a wi/c ratio of 0.78 which can produce pastes with pore diameters larger than OPC pastes
[14]. Furthermore, both low and high w/c ratios might include extensive development with high wi/c
ratios and also lead to strength development problems [15]; however, the use of additives with lower
particle size can eliminate some of these unfavorable properties [16].

Some researchers control the released heat during the cement hydration by calorimetric testing
[17, 18]. However, this method is not able to provide continuous testing due to the damage of the
specimens after testing. Some nondestructive techniques are used to evaluate the hydration of cement
pastes, such as electrical resistivity method and active acoustic method [19, 20]. In this study, a low-
cost, convenient and highly-sensitive electrochemical impedance spectroscopy (EIS) technique as a
nondestructive stable-state method is used [21]. The EIS can be used to investigate the microstructure
development that happened during the cement hydration; since cement pastes can be studied as an
electrochemical system, its hydration is a complex electrochemical method that includes the transfer,
distribution and rearrangement of ions. Consequently, EIS technique can be used to consider the
hydration process of mixed cement materials [22].

Although many studies have been reported on hydration of CSA cement, studies related to EIS
measurements of CSA cement materials are still limited. In this study, the effect of various parameters
on the hydration of cement pastes such as the wi/c ratio and the amount of gypsum were investigated.
This research was performed by the study of the mechanical properties and hydration process of relevant
mortars. Using the optimal amount and the type of additives increase the cement efficiency, resulting in
a lower w/c ratio to obtain higher compressive strength.

2. MATERIALS AND METHOD:

Table 1. The composition of the CSA clinker

Compositions Concentration (wt.%0)
Calcium oxide (CaO) 41.2
Silica (SiOy) 6.9
Alumina (Al>O3) 26.8
Iron oxide (Fe203) 0.88
Magnesium oxide (MgO) 0.75
Sulfur trioxide (SO3) 19.5
Titanium dioxide (TiO,) 1.2
Sodium oxide (Na2O) 0.13
Potassium oxide (K20) 0.40

Loss on ignition (Lol) 1.8
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A commercial calcium sulphoaluminate (CSA) clinker and natural gypsum are used industrially
as raw materials which are produced and marketed in China. The composition of the CSA clinker is
summarized in Table 1. CSA cements were produced by mixing the CSA clinker with the appropriate
amount of natural gypsum in 10, 15 and 20 wt.% for a duration of 15 min.

The Blaine fineness values defined for gypsum and CSA were 500 and 480 m?/kg, respectively.
Thus, all blended samples exhibited Blaine values close to 480 m?/kg.

Cement pastes were produced with water and CSA cement (w/c) ratios of 0.35, 0.45 and 0.55. A
polycarboxylate-based superplasticizer was added into the concrete mixture with a 25 wt.%.

The cement paste materials were mechanically stirred by helices according to a standard
procedure. Ultimate compressive strengths of 40*40*160 mm? samples were determined according to a
compression testing mechanism (YAW-300B) at 0.125, 1, 7, and 28 days.

The EIS system was applied to study electrochemically analysis of the samples at ambient
temperature range for the mixed cements with different hydration times (0.125, 1, 7, and 28 days). To
create a good contact between the specimen and the electrode, a thin and wet sponge was utilized and
was inserted into the gap between them. The tests were done using an impedance gain phase analyzer
(Solartron-Si1287/Si1260). The ZView program was used to investigate the EIS spectrum of the cement
system.

Laboratory X-Ray Powder Diffraction (LXRPD) patterns of all samples were investigated by the
Rietveld technique using the GSAS software package to achieve the Rietveld quantitative phase analysis
(RQPA). The Amorphous and Crystalline non-quantified contents were considered through external
standard technique (G-factor) from LXRPD in reflection mode data Compressive strengths of the
specimens were calculated at 0.125, 1, 7, and 28 days in a compression press (Model Autotest 200/10
W, lbertest) according to EN196-1 and at a rate of 1.5 MPa/s. The surface morphology of the samples
were characterized by scanning electron microscopy (SEM; FEI/Nova NanoSEM 450).

3. RESULTS AND DISCUSSION

Figure 1 indicates ettringite concentrations for the four hydrating systems in various conditions,
taken from RQPA results.

Fig. 1a shows the ettringite contents as a function of hydration time for different water cement
ratio. For 0.55 w/c pastes at hydration time of 3h, gypsum pastes reveal the lowest ettringite
concentrations which can be attributed to the low rate of dissolution of gypsum when compared to other
w/c ratios. However, crystallization of AFt at 0.55 w/c ratio is higher at hydration periods higher than
24 h. Ettringite crystallization is slightly affected when using the water concentration in gypsum pastes.
Though, Aft crystallizes at a slower pace in gypsum pastes by increasing the wi/c ratios at hydration
periods higher than 7 days. As shown in figure 1b, the highest ettringite amounts are formed by
increasing the concentration of gypsum. On the other hand, the compressive strength evolution of
mortars prepared from gypsum pastes indicates that the results are in perfect agreement with the
formation of the ettringite [23].
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Figure 1. The ettringite contents as a function of hydration time for (a) different water cement ratio in a

constant gypsum content (20 wt.%) and (b) different concentration of gypsum in a constant w/c
ratio (0.45)
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Figure 2. SEM image of hydrated CSA cement with gypsum concentration of 20 wt.% at 1 day of
hydration time
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Figure 3. Compressive strength of mortars according to various wi/c ratio (0.35, 0.45 and 0.55) in a
constant gypsum content (20 wt.%).

In Figure 2, SEM image for hydrated CSA cement with gypsum concentration of 20 wt.% is
reported at 1 day of hydration time. During the hydration periods, ettringite structures take the shape of
hexagonal crystals in a cross section view; where their size can vary considerably. As shown in figure
2, extremely large ettringite crystals formed in CSA cements with 0.1-0.5 pum wides and about 0.4-1.5
pm long.

The mechanical properties of the specimens were also studied. Figure 3 indicates the values of
compressive strength of mortars according to various wi/c ratio in a constant gypsum content. They were
performed on small cubes as defined in the experimental section. It is clear from the data analysis that
the mortar with 0.35 w/c ratio has a higher mechanical performance than the others. Reactions in gypsum
pastes occur rapidly, and their low setting time is extremely sensitive to the homogeneous degree of the
mortars. Adding a small amount of gypsum improves the mortar's performance, but does not
significantly delay the reaction until the setting time, so the mortar indicates low values of mechanical
force, and slightly higher when the gypsum is added [24].

The impedance spectroscopy parameters can well reflected some microstructure characteristics
of concrete material [25, 26]. For instance, the electrical resistance of an electrolyte (Rq) in a pore
solution may be attained using the intersection of the high frequency side semicircle in the Nyquist
diagram to the real axis. Rq indicates the characteristics of the concrete porosity and pore solution, i.e.,
the larger the Rq, the smaller the value of the concrete porosity. The diameter of the high frequency
semicircle (Rct) in Nyquist diagram, indicates the polarization resistance during the charge transfer of
hydrated electrons. Investigations have shown that Rcr indicates the hydration degree of cement paste
[27]. Furthermore, Rct indirectly reveals the concentration of OH™ ions.



Int. J. Electrochem. Sci., Vol. 14, 2019 5047

Rei Woy Rez  Wo

Figure 4. The equivalent electrochemical circuit

Figure 4 shows an electrical circuit model for investigation of mortar’s hydration. According to
hydration process, Rct1 IS resistance procedure to ion transfer in cement interior structure that is
inversely proportional to hydrated electrons in the internal structure of cement and hydroxide ion
concentration of the cement pore solution [28, 29]. Figure 5 exhibits the Nyquist plot of cement paste
with different w/c ratio. It is obtained through the curves that is form by the decreasing semicircle radius
at high-frequency with an increasing w/c ratio. In other words, the RcT1 increases with a reducing w/c
ratio. The reason is that the smaller the wi/c ratio, the less the internal solution and as a result, the ion
content is reducing in the internal structure of the cement paste.
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Figure 5. Nyquist plots of cement paste with different w/c ratio in a constant gypsum content (20 wt.%)
at hydration time of 7 days
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Figure 6. Nyquist plots of cement paste with different gypsum contents in a constant w/c ratio (0.45) at

hydration time of 7 days

The Nyquist plots with different gypsum contents is shown in Figure 6. The curve of impedance
spectrum move to the right with the increase of gypsum content in the cement paste resulting in an
increase of Rcr1 with the increase of gypsum concentration [30]. Figure 7 indicates the Rcri variation
for different hydration priods in different gypsum content of identical w/c ratio.
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Figure 7. The Rcr1 variation with hydration priod in different gypsum content (10, 15 and 20 wt.%) of

identical w/c ratio (0.45)
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Figure 8. electrochemical impedance spectroscopy evaluation on hydration process of CSA cements in
a constant w/c ratio (0.45) and 20 wt.% gypsum content

Since Rer1 of 20 wt.% gypsum content has the highest amounts among the other curves, and 10
wt.% gypsum content lies at the more inferior location. Thus, Rct1 grows with the increase of gypsum
concentration. Figure 8 shows electrochemical impedance spectroscopy evaluation on hydration process
of CSA cements. As shown in Figure 8, a semicircle gradually increased in the early stages. By
increasing the hydration period, the semicircle gradually increases. The low frequency region had a
straight line with a gradient angle of 45° for all the curves.

4. CONCLUSIONS

The CSA cement hydration was considered by varying the w/c ratio and gypsum concentrations
of the cement materials. Hydration process was significantly accelerated via the presence of gypsum.
The compressive strength evolution of mortars prepared from gypsum pastes indicates that the results
are in perfect agreement with the formation of the ettringite. The data analysis indicate that the mortar
with 0.35 wi/c ratio has a higher mechanical performance than the others. Nyquist plots of cement paste
show that the semicircles radii decrease at high-frequency with increasing w/c ratio. The Rcr1 variation
with hydration priods in different gypsum content indicated an increase by increasing the gypsum
concentration.
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