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The effects of a 0, 0.2 wt. %, 0.6 wt. %, 1.0 wt. %, 1.4 wt. % and 1.8 wt. % calcium hydroxide content on the microstructure 
and performance of super sulfated cement (SSC) were investigated. The results showed that the setting time of SSC could be 
reduced by the calcium hydroxide content to less than 7 hours. The variation in the setting time did not affect the working 
performance of the SSC. The mechanical properties of the SSC can be consistently and gradually enhanced by calcium 
hydroxide. The SSC, with a 3-day compressive strength of 22.3 MPa and a 28-day compressive strength of 45.1 MPa, was 
prepared by introducing 0.6 wt. % calcium hydroxide into the system. A microanalysis revealed that the reaction mechanism 
of the SSC was influenced by the calcium hydroxide, which led to changes in the hydration products as well as the structure. 
In particular, large amounts of ettringite (AFt) were prompted in the SSC prepared with the raw materials at the early stage. 
The change in the structure of the hydration products led to a significant improvement in the mechanical properties.

INTRODUCTION

 Super sulfated cement (SSC) is a kind of green 
cementitious material with slag (75 - 85 %) as the 
main constituent, gypsum (10 - 20 %) as the sulfate 
activator and clinker or lime as the alkaline activator 
(1 - 5 %), which produces a lower CO2 footprint during 
its production [1, 2]. Therefore, SSC is considered as an 
alternative to Portland cement [3]. The hydration process 
of SSC is demonstrated in Equation 1 [4, 5]. 

C5S3A + CH + 3CS─  + 34H → C6AS─ 3H32 + 3CSH     (1)

 The small proportion of alkaline activator occurs 
initially encountering water (H), providing calcium hyd-
roxide (CH), which promotes the dissolution of Ca2+, Al3+, 
[SiO4]4- in the slag. The reactive aluminium and silicon 
dissolved from the slag react with the calcium sulfate 
forming ettringite (AFt, 3CaO·Al2O3·3CaSO4·32H2O, 
C6AS─ 3H32) and calcium silicate hydrate (C–S–H, 
CaO·SiO2·H2O, with no specific stoichiometry). 
 Compared with ordinary Portland cement and Port-
land blast furnace-slag cement, SSC’s hydration products 
are mainly AFt and a C–S–H gel. SSC has a lower heat 
release and a slow hydration rate. Thus, it has obvious 
advantages in large volume concrete projects [6, 7]. For 
example, China Construction Commercial Concrete Co. 
Ltd. used SSC concrete with a design strength of C40 
to pave the road around its concrete plants in 2014. All 
the performance aspects met the requirements of road 
construction, and the engineering application effect 

is excellent [8]. Moreover, SSC, owning greatly to its 
excellent resistance to sulfate attack, has been applied 
in high sulfate environments to provide durability that 
exceeds expectations for structures [9]. Grounds [10] 
studied the resistance of SSC to erosion by strong sulfate 
solutions at 25 °C and 95 °C for 28 days and 180 days 
under maintenance conditions. The results showed that 
SSC was resistant to sulfate erosion with or without the 
decomposition of calcium alumina. Although SSC has 
many of these excellent properties, its promotion is still 
immature. The main reasons are attributed to the long 
setting time [1, 2], slow early strength development 
[11, 12], and poor carbonation resistance [3, 13] of the 
SSC. The setting time of SSC is prolonged by 2 - 3 h, 
compared with traditional Portland cement. Moreover, 
changes in the curing conditions are very likely to affect 
its volumetric stability due to the higher content of 
ettringite in the system [1, 11]. However, ettringite could 
experimentally lose its crystallinity at 60 - 70 °C, which 
has been reported by Chen et al. [14,15].
 The early mechanical properties of SSC can be 
enhanced by the slag with a higher content of alumina 
oxide. Kondo et al. [16] reported that 22 % of the slag 
was hydrated when the active alumina oxide in the 
system reached 18.5 %. As a result, the prepared SSC 
achieved excellent mechanical properties at the early 
stage. Masoudi et al. [17] considered that a slag with 
alumina oxide content greater than 13 % is suitable for 
the SSC preparation, so that SSC can reach a high early 
strength. However, the alumina oxide content in the slag 
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is easily affected by the production process and the raw 
materials. The introduction of high purity active alumina 
into the system tends to cause higher costs, which is 
not in line with the concept of green and sustainable 
development.
 Even if a suitable slag is used as raw material, the 
carbonation resistance of SSC is still poor. According 
to Castellote et al. [18], C–S–H shows a higher rate of 
carbonation followed by calcarenite. Due to the low or 
zero content of calcium hydroxide in the SSC matrix, 
the C–S–H and calcarenite formed during hydration are 
susceptible to carbonation processes. This contributes to 
the high carbonation rate of the SSC. Sabrina R. Pinto et 
al. [19] confirmed an increase in porosity of carbonated 
SSC concrete specimens by analysing the cross-sectional 
morphology of the concrete after carbonation, which 
resulted in a decrease in the compressive strength of the 
concrete. 
 The alkali activator is one of the key factors affec-
ting the performance of SSC. Zhou et al. [3] investigated 
the effects of alkali activators (lactates and sodium hy-
droxyl) on the microstructure and properties of SSC con-
crete. It was found that the addition of lactate affects the 
hydration of the slag, resulting in more calcium alumina 
and a denser microstructure of the persulfate cement 
concrete, while sodium hydroxyl failed to improve the 
microstructure of the SSC concrete. However, Gijbels K. 
et al. [20] found that the highest porosity and strength 
of the specimens were observed without the addition 
of NaOH, and when the mass molar concentration of 
NaOH was 2 mol and higher, the ettringite disappeared 
and was replaced by the monosulfate phase and amor-
phous aluminium hydroxide. According to Lei et al. 
[21], calcium hydroxide can promote the alkali-silica 
reaction in alkali-activated gelling materials, where the 
presence of calcium ions contributes to the formation of 
a hydration gel. 
 As mentioned above, the selection of alkali activa-
tors affects the performance of the SSC. Suitable alkali 
activators can significantly improve the performance 
of SSCs, while the activators used are concentrated in 
lime, sodium hydroxide, and alkaline salts, etc. Calcium 
hydroxide not only acts as an alkali activator, but also 
provides calcium ions. However, the effect of calcium 
hydroxide on the SSC is rarely reported, compared with 
other alkali activators. It is necessary to explore the me-
chanism of calcium hydroxide on the SSC. Therefore, 
the effects of calcium hydroxide on the setting time, 
fluidity, strength, hydration products and microstructure 
of an SSC were investigated in the paper.

MATERIALS AND METHODOLOGY

Materials

 The clinker was obtained from Xinjiang China West 
Construction Group Co., Ltd. The physical properties of 
the cement clinker are shown in Table 1. The slag, with 
a physical phase composition of dicalcium silicate, cal-
cium aluminium oxide, calcium oxide (as shown in Figu-
re 1), was obtained from the Xinjiang Bayi Steel Plant. 
The physical properties of the slag are shown in Table 2. 
The desulfurization gypsum was obtained from the 
Xinjiang Manas Power Plant. The calcium hydroxide, 
with a purity specification of analytical purity and calcium 
hydroxide content ≥ 98 %, was purchased from Chengdu 
Jinshan Chemical Reagent Co., Ltd. The quartz sand was 
China ISO standard sand produced by Xiamen Aisiou 
Standard Sand Co., Ltd. The chemical compositions of 
the clinker, slag and desulfurization gypsum is shown 
in Table 3, and the appearance morphology is shown in 
Figure 1.

Table 1.  Physical properties of the clinker.

                   
Setting time (min)

                               Mechanical property (MPa)
 Specific surface                                 7 days                               28 days
 (cm2∙g-1) 

Initial Final
 Flexural Compressive Flexural Compressive

    strength strength strength strength

 3480 92 128 6.2 ± 0.5 30.6 ± 0.8 8.7 ± 0.6 52.6 ± 0.5

Table 2.  Physical properties of the slag.

 Density Specific surface                     Activity (%)
 (g·cm-3) (m2·kg-1) 7 days 28 days
 2.9 410 79 87

Table 3.  Chemical composition of the different raw materials 
(wt. %).

 Chemical 
Clinker Slag

 Desulfurization
 composition   gypsum

 CaO 69.19 40.39 48.75
 SiO2 25.12 35.56 4.66
 Al2O3 2.11 11.55 1.27
 MgO 1.26 7.16 0.876
 K2O 0.667 0.517 0.173
 SO3 0.596 – 40.2
 Na2O 0.367 1.04 0.375
 Fe2O3 0.232 0.398 0.527
 P2O5 0.145 - 0.456
 TiO2 0.127 1.59 0.0566
 ZnO 0.0636 0.06 0.033
 MnO 0.06 0.13 0.0117
 Cl 0.0526 – 1.27

 Others 0.0298 1.605 1.3417
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Methodology

Preparation of the specimens
 The components of the formulated SSC were as 
follows: 82 wt. % mineral powder, 15 wt. % desulfu-
rization gypsum, and 3 wt. % cement clinker, where 
the desulfurization gypsum was dried at 45 °C for 24 h. 
A 5 kg mixture weighed according to the above mix 
proportion, was homogenised in an SM500 blender with 
a speed of 48 rpm for 5 min. This approach resulted 
in a more uniform mix for each component. Calcium 
hydroxide was added into the SSC according to the 
quality of the cement, and the proportion is shown in 
Table 4. The SSC mortar was prepared according to the 
mixing method in GBT17671-1999 “Test Method of 
Cementitious Mortar Strength (ISO Method)”. Hardened 
or prepared specimens with a size of 40 × 40 × 160 mm 
were removed from a mould after curing for 24 h (tem-
perature: 30 ℃; humidity: 70 %). Then, they were 
cured under standard curing conditions (temperature: 
20 ± 2 ℃, humidity: ≥ 95 %) up to 3, 7 and 28 days.

Method
 The setting time of cement was measured by a Vicat 
apparatus according to GBT1346-2011 “Test methods 
for water requirement of normal consistency, setting time 
and soundness of the Portland cements”. The fluidity of 
the fresh mortar was measured by an NLD 3 apparatus 
of fluidity of cement mortar according to GB/T2419-
2005 “Test method for fluidity of cement mortar”. The 
compressive and flexural strength of the specimens at 
a different age were tested by a TYE-300D type cemen-
titious sand flexural and compressive testing machine 
according to GBT17671-1999 “Method of testing ce-
ments-determination of strength (ISO Method)”. The 
loading rate of the flexural strength is 0.05 kN∙S-1, and 
the loading rate of the compressive strength is 2.4 kN∙S-1. 
The small parts of the hardened paste corresponding to 
the specimens without sand was taken for microscopic 
testing. These selected small parts were soaked in an-
hydrous ethanol for 24 h to terminate the hydration 
reaction, and then dried at 40 °C for 48 h. An X-ray 
diffraction (XRD) test was carried using Brook D8 X-ray 
diffractometer with a scan speed of 10° 2θ∙min-1 from 
5° to 80°. The scanning electron microscopy (SEM) 
were measured by ZEISS SUPRA 55 Field Emission 
Scanning Electron Microscope, in order to directly ob- 
serve the fracture morphology of the specimens. Before 
testing, the specimens were sprayed with gold in a 
vacuum environment. Fourier infrared (IR) spectra of the 
specimens were measured by a Thermo Fisher Fourier 
infrared spectrometer.

DISCUSSION AND RESULTS

Setting time of cement

 Figure 3 shows the effect of calcium hydroxide on 
the setting time of the SSC. It can be seen from Figu-
re 3 that the setting time of the SSC was significantly 
shortened due to the introduction of calcium hydroxide. 
The initial setting time of SSC5 is 375 min, and the final 
setting time is 450 min. Compared with the control group 
(JZ), the initial setting time of the SSC was shortened 
by 200 min, and the final setting time was shortened by 
270 min. This reveals that the introduction of calcium 
hydroxide can significantly reduce the setting time of the 
SSC. Although the setting time is still longer than that 
of ordinary Portland cement, it is also important for the 
promotion of SSC.

b)

a)

Figure 1.  Appearance and phase compositions of the slag.

Table 4.  Proportioning design of the cement in wt. %.

 Material ID Calcium hydroxide

 JZ 0
 SSC1 0.2
 SSC2 0.6
 SSC3 1.0
 SSC4 1.4
 SSC5 1.8
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Fluidity

 Figure 4 reveals the effect of calcium hydroxide on 
the fluidity of the SSC. The figure shows there is little 
difference in the workability of the fresh mixture. With 
an increase in the calcium hydroxide content, the fluidity 
of the mixtures decreased slightly. The fluidity of the 
mixtures fluctuated around 200 mm, indicating that the 
addition of calcium hydroxide had little effect on the 
working performance of the SSC.

Mechanical properties

 Figure 5 shows the effect of the calcium hydroxide 
on the mechanical properties of the SSC. Although the 
control group specimen had an integral appearance at 3 
days, the strength was too low to record. The compressive 
strength of the specimens reached 15.6 MPa until 7 days. 
However, the compressive strengths of SSC2 reached 
22.3 MPa at 3 days and 32.2 MPa at 7 days, respectively. 
The reason for this result is that the lower activity made 
the early strength of the specimen develop slowly [22]. 
The introduction of calcium hydroxide further stimu-
lated the activity of the slag, which accelerated the 
development of the early mechanical properties of the 
specimens. Thus, the addition of the calcium hydroxide 
provides high early strength for the SSC. The mechanical 
properties at an early period of the specimens were pro-
moted with an increase in the calcium hydroxide content 
except for the content exceeding 0.6 %.
 The 28-d compressive strength development of the 
specimens showed a similar trend to that of the earlier 
period. The compressive strengths of SSC1, SSC2, 
SSC3, SSC4, and SSC5 were changed than those of 
the JZ by 36.3 %, 37.5 %, 25.0 %, -2.7 %, and -6.1 % 
after curing up to 28 d, respectively. The comparative 
results imply that the addition of calcium hydroxide at 
a suitable level can significantly improve the compressi-
ve strength of the SSC. The suitable content in this 
paper is 0.6 wt. %. Compared with the control group, 
the flexural strength of the specimens was significantly 
higher after the introduction of the calcium hydroxide. 
The flexural strength of SSC3 was the highest among 
all the specimens, which was 51.4 % higher than that of 
the JZ. Similarly, the flexural strength of the specimens 
appeared to be decreased when the calcium hydroxide 
content was too high. The effect of calcium hydroxide on 
the flexural strength is the same as that of compressive 
strength.

Figure 3.  Effect of calcium hydroxide on the setting time of 
cement.

b)a)

Figure 4.  Effect of calcium hydroxide on the fluidity of the super sulfate cement mortar.
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Microstructure analysis

Hydration products
 Figure 6 shows the XRD pattern of the JZ, SSC2, 
and SSC4 specimens curing up to 7 days. From the XRD 
pattern, each curve contains firm diffraction peaks of 
calcite, which is due to the carbonation of the hydration 
products in the tested specimen during the curing. This 
is the characteristic of SSC that is extremely easy to 
carbonate. The reaction process is shown in Equation 2 
and 3 [1].

 3CaO·Al2O3·3CaSO4·32H2O + 3H2CO3 → 
 → 3CaCO3 + 3CaSO4 + Al2O3·XH2O + 
 + (35 – X)H2O                                                      

(2)

 XCaCO3·YSiO2·H2O + XH2CO3 →
 → XCaCO3 + YSiO2 + (X + 1)H2O                     (3)

 For control group, JZ, the crystalline phase of the 
hydration products at 7 days is mainly gypsum and a small 
amount of calcite. The diffraction background of the curve 
indicates the presence of a large amount of amorphous 
material, which may be unreacted slag or hydrated pro-
duct C–S–H gel [23]. However, the diffraction peak of 
ettringite, a common hydration product in SSC [24], was 
not detected in the control group. Meanwhile, the con- 
trol group had higher mechanical properties at 7 days, 
indicating that the early strength of control group is 
mainly provided by the C–S–H gel. It also explains the 
low 3 days strength in the mechanical properties test, 
where the effective strength could not be recorded. The 
difference in the hydration products at the early period 
with conventional SSC is attributed to the fact that the 
physical phase composition of the slag with low reactivity 
is mainly dicalcium silicate. Compared with the control 
group, the early hydration products, at the specimen’s 
early period, changed significantly with the introduction 
of calcium hydroxide. The presence of ettringite was 

observed and the corresponding diffraction peaks are 
2θ = 9.1° 15.8°, 17.8°, 19.0°, 22.9°, 25.6°, 32.3°, 35.0°. 
The hydration process of ettringite is shown in Equation 
4 [25].

 Al2O3 + 3Ca(OH)2 + 30CaSO4·2H2O →
 → 3CaO·Al2O3·3CaSO4·32H2O                          (4)

 The main crystal phase is composed of ettringite, 
gypsum, and a small amount of calcite. The early strength 
of SSC was provided by the C–S–H gel and ettringite, 
which promoted the development of the mechanical 
pro-perties at the early period, as mentioned in chapter 
Mechamical properties. 
 Figure 6 shows the XRD pattern of the JZ, SSC2, 
and SSC4 specimens curing up to 28 days. The presence 
of ettringite was observed in the control group and the 
corresponding diffraction peaks are 2θ = 9.1°, 23.1°, 
32.5°, 34.5°. However, there are only a few low-inten-
sity ettringite diffraction peaks. The intensity of the 
ettringite diffraction peaks increased significantly with 
the addition of calcium hydroxide, indicating that the 
calcium hydroxide in the presence of gypsum promotes 
the formation of ettringite in the SSC.

b)a)
Figure 5.  Mechanical properties: a) compressive strength b) flexural strength of the specimens.

Figure 6.  XRD pattern of the JZ, SSC2, and SSC4 specimens 
curing up to 7 days.
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 Figure 8 shows the comparison results of the XRD 
patterns at 5° - 20° of the control group curing up to 7 days 
and 28 days, respectively. As can be seen from figure, the 
XRD patterns of the control group at both 7 and 28 days 
days were different at 9.1°. There is no obvious ettringite 
diffraction peak at 7 days. However, the diffraction peak of 
the ettringite appeared in the control group curing up to 
28 days. In terms of the analysis, the calcium hydroxide 
played a key role in the early period reaction of the SSC 

FT-IR analysis
 Figure 9 shows the FTIR spectra of the specimens 
hydrated up to 28 days. The variation in the spectrum 
of the specimens is small, indicating that the hydration 
products of the tested specimens are relatively similar. 
All the specimens showed a complex set of peaks around 
400 ~ 670 cm-1, which corresponded to the flexural 
vibra-tion absorption of the Si–O–Si bonds [3]. It may 
be due to the presence of the unhydrated slag and some 
impurities [3, 26]. The absorption peaks around 873 cm-1 
and 1450 cm-1 are caused by the vibration of the C–O 

bonds in the calcite [27]. As mentioned in chapter 
Hydration products, the hydration products inevitably 
came into contact with carbon dioxide in the air during 
the specimen preparation, forming calcite [27]. This 
absorption peak shifts to a lower wave number after 
doping with calcium hydroxide, indicating the lighter 
carbonation of the calcium hydroxide doped specimens. 
The absorption peaks around 900 ~ 1000 cm-1 of the Si–O–
Si (Al) bonds are present in all the specimens. The peak 
at about 998 cm-1 is found in the specimen without the 
calcium hydroxide. As analysed, the vibration absorption 
of the Si–O–Si (Al) bond in the system is reduced, which 
also proves that the hydrated gel content in the product 
decreased [26, 28]. The spectra of specimens all have 
an absorption peak at 1119 cm-1, which corresponds to 
the contraction vibration of the S–O bonds [29]. This is 
due to the presence of large amounts of SO4

2- in the SSC 
system. The absorption peaks around 1620 cm-1 corres-
ponds to the O–H vibrations in [Al(OH)]3- [3, 29]. This 
absorption peak shifted to a high wave number after 
adding calcium hydroxide, indicating that the vibration 
of [Al(OH)6]3

– is strengthened and the ettringite content 
in the system increased. The comparison of the high 
frequency region shows that the absorption peak of the 
sample after doping with calcium hydroxide shifted from 
3405 cm-1 to a high wave number, which corresponded to 
the contraction vibration of O–H [3, 26, 28]. 

Morphology
 The microscopic morphology of the two types of 
SSC curing up to 7 days was characterised. The results 
are shown in Figure 10, where Figure 10a is the cont-
rol group, JZ, and Figure 10b is the specimen with the 
addition of calcium hydroxide, SSC2. As shown in the 
figure, the cross-sectional morphology of the JZ main-
ly consisted of short bar-loaded crystals as well as 
some amorphous products. Combined with the energy 

Figure 7.  XRD pattern of the JZ, SSC2, and SSC4 specimens 
curing up to 28 days.

Figure 8.  XRD patterns at 5°-20°of the control group (7 and 
28 days).

Figure 9.  Fourier transform infrared spectrometry of the spe-
cimens.
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dispersive spectroscopy corresponding to the area in 
Figure 10a 1 and 2, gypsum and C–S–H gel are the pro- 
ducts corresponding to the elemental composition, respec-
tively. The dihydrate gypsum was covered by C–S–H gel 
and the densities of structures are low. In contrast, a large 

amount of ettringite was present in the cross-sectional 
morphology of the SSC2. Ettringite with a larger ratio of 
the length to the diameter and the C–S–H gel interlaced 
with each other made the structure comparatively dense, 
which enhanced the energy absorption ability of the 

Figure 10.  Microscopic morphology of the specimens curing up to 7 days.

b)

a)

Figure 11.  Microscopic morphology of the specimens curing up to 28 days. (Continue on next page)

a) b)
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specimen on the microscopic scale. The dense structure 
resulted in SSC2 having a higher strength than the JZ at 
the early period. This is consistent with the analysis in 
chapter Mechanical properties. This is due to the calcium 
hydroxide addition that increased the concentration of 
OH– in the system, which accelerates the destruction of 
the Ca–O, Si–O–Si and Al–O–Al bonds in the slag [30, 
31]. The generation of the C–S–H gel and C–A–H gel in 
the hydration reaction was accelerated, which led to the 
formation of a large amount of ettringite.
 The microscopic morphology of the two types of 
SSC curing up to 28 days was characterised and is 
pre-sented in Figure 11. The microscopic morphology 
of the JZ section is mainly a large amount of structu-
rally coated C–S–H gel (Figure 10e). As mentioned 
above, the products coated by the C–S–H gel are 

mainly short-rod gypsum and needle-rod ettringite. 
A large amount of cross-lin-king ettringite (Figure 10f), 
with a large length to diameter ratio, is present in the 
cross-sectional morphology of the SSC2. It indicates 
that the calcium hydroxide addition caused differences 
in the microstructure and hydration products of the SSC 
specimens at 28 days. In addition, the difference was not 
significantly pronounced at 28 days.

CONCLUSION

 In this work, the effects of calcium hydroxide on 
the microstructure and performance of SSC were inves-
tigated, and the hydration products and microstructures 
of the specimens were characterized by XRD, FTIR and 
SEM. The main results are as follows:

Figure 11.  Microscopic morphology of the specimens curing up to 28 days.

e)

c)

f)

d)
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● The setting time of super sulfated cement is signi-
ficantly reduced by calcium hydroxide, while only 
slightly affecting the fluidity of the cement.

● The mechanical properties of the specimens increased 
with an increase in the calcium hydroxide content, but 
the mechanical properties of the specimens decreased 
after the content exceeded 0.6 %.

● The major hydrates of the hardened paste at the 
early period are mainly C–S–H gel and gypsum in 
the absence of calcium hydroxide. The addition of 
calcium hydroxide affects the hydration of the cement, 
which produces more ettringite and contributes to 
a denser microstructure of the hardened paste. This is 
the reason for the higher strength of the SSC with the 
calcium hydroxide at the early period. Although the 
control group produces some ettringite at 28 days, the 
content is not as high as that of the specimens with the 
calcium hydroxide.

● The microscopic morphology of specimens without 
the calcium hydroxide is mainly dominated by the 
interspersed structure of the gypsum and ettringite 
covered by C–S–H. The addition of calcium hydroxide 
affects the microscopic morphology of the SSC, which 
mainly consists of an interwoven structure produced 
by the ettringite and C–S–H gel.
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