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Abstract: In the hydration process of inorganic cements, the analysis of calorimetric measurements
is one of the possible ways to better understand hydration processes and to keep these processes
under control. This study contains data from the study of thermokinetic processes in alkali-activated
blast-furnace slag cements compared to ordinary Portland cement (OPC). The obtained results show
that, in contrast to OPC, the heat release values cannot be considered as a characteristic of the
activity of alkali-activated blast-furnace slag cements. In addition, it is concluded that in the case of
OPC cements, cumulative heat release is a criterion for the selection of effective curing parameters,
while in the case of alkali-activated blast-furnace slag cements, a higher heat rate (which increases
sharply with increasing temperature from 20 to 40 ◦C) is a criterion. From the point of views of
thermokinetics, the rate of heat release at temperatures up to 40 ◦C can be a qualitative criterion that
allows to choose the parameters of heat curing of alkali-activated cement concretes. By introducing
a crystallo-chemical hardening accelerator, such as Portland cement clinker, into the composition
of alkali-activated blast-furnace slag cements, it is possible to accelerate the processes not only in
the condensation-crystallization structure formation stage, but also in the dispersion-coagulation
structure formation stage. Portland cement clinker increased the efficiency of thermal curing at
relatively non-high temperatures.

Keywords: alkali-activated cement; blast-furnace slag; crystallo-chemical hardening accelerator; heat
release; heat curing

1. Introduction

In recent years, alkali-activated cements have become a viable ecological alternative
to traditional cementitious materials. They also have good durability, mechanical strength,
thermal properties and reduced carbon footprint. Compared with ordinary Portland ce-
ment (OPC), alkali-activated cements are more environmentally friendly, and the raw
materials are usually industrial waste, which can contribute to the waste disposal. The com-
mon raw materials of these binders could be a wide range of the industrial aluminosilicate
byproducts or wastes, such as slag, fly ash, bottom ash, zeolitic waste, glass powder [1,2].

Despite a great number of works dedicated to colorimetric studies [3–8], some hydra-
tion aspects of alkali-activated cements are not clear. The initial interaction stages of the
aluminosilicate component with the highly alkaline (pH > 11.5) liquid phase at normal
and elevated temperatures are important. At these stages, the interrelationships between
flowing processes and many factors related to cement composition and temperature could
be most revealed. To better understand the nature of hydration processes, it is necessary to
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analyze the results of calorimetric measurements: the amount of heat released and the rate
of heat evolution.

Calorimetry of OPC cement is quite well studied [9–12]. However, as shown by
calorimetric studies of alkali-activated cements, its interpretation cannot be automatically
applied to these cements due to hydration processes. This is due to the different mecha-
nisms of structure-forming processes in the OPC cements and alkali-activated cements.
Therefore, the solid OPC cement phase, which consists of a mixture of many basic minerals
with a high degree of ionic bonding (Ca-O-Si), is destroyed by protonating them in the
presence of mixing water [13]. The solid phase of the alkali-activated cement is reflected by
low base phases with a high degree of Si-O-Si and Al-O-Al covalent bonds. When water
was incorporated, ionic forces are not strong enough to decompose the solid phase. There-
fore, the destruction of covalent bonds was only possible under very alkaline conditions.
(pH > 11.5) [14].

In contrast to OPC-based cements, alkali-activated cements have an inverse relation-
ship between strength and heat release [15,16]. The hydration of alkali-activated cements is
accompanied by low heat of hydration, but at an early age their strength is quite high [17,18].
Several factors affect their interrelation, and the amount of alkaline activator is one of these
factors [19]. The type of alkaline activator is important as well [20,21].

It is known that with increasing water content in cement paste, the hydration of
Portland cement increased as well [22]. However, as could be seen from [5], the increase
of the water-to-cement or slag ratios from 0.45 to 0.6 in the alkali-activated slag cements
has no significant effect on the induction period and the general trend of heat evolution of
the OPC, but it makes the accelerated hydration peak slightly lower. The ratio of water to
solids does not affect the rate of heat evolution.

Temperature has a significant effect on cement hydration processes. It can be assumed
that due to the different hydration mechanism of OPC and alkali-activated cements, this
effect may be different. This assumption is supported by several researchers [5,6,23–26].
However, the lack of data on the interaction between the thermokinetic characteristics
of alkali-activated cement and the development of early strength do not allow to predict
at least the optimal curing parameters of alkali-activated cement concretes at elevated
temperatures.

In the process of cement hydration, the addition of crystallo-chemical hardening accel-
erators is important as well for the acceleration of condensation-crystallization structure
formation [4,14,27]. However, there are no data on their influence on the initial stages of
dispersion-coagulation structure formation, as well as on the thermokinetic characteristics
of alkali-activated cements.

The aim of the study was to perform calorimetric studies of hydration processes at
the early stages of alkali-activated blast-furnace slag cements in the temperature range
of 20–80 ◦C compared to OPCs, and to substantiate the appropriate criteria for select-
ing optimal thermal curing parameters when using alkali-activated blast-furnace slag
cement concrete. A blast-furnace slag was chosen for the study as the most widely used
aluminosilicate component of the alkali-activated cements.

2. Materials and Methods
2.1. Raw Materials

A ground granulated blast-furnace slag (further-slag) was used as the major alumi-
nosilicate component and calcium source as well (Table 1). Slag contains calcium oxide
44.0%, silica 37.2%, alumina 8.8% and magnesia 5.5%. Portland cement clinker in a quantity
of 10% by mass (further-clinker) was used as a crystallo-chemical hardening accelerator. Its
chemical composition is shown in Table 1.
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Table 1. The chemical composition of raw materials.

Materials
Composition, % by Mass

SiO2 Al2O3 CaO MgO Fe2O3 SO3 NaO + K2O

Clinker 23.0 6.5 63.0 2.5 3.0 1.0 1.0
Slag 37.2 8.8 44.0 5.5 1.5 3.0 0.0

According to mineral composition of slag the crystalline minerals, such as hydrotalcite,
quartz, and calcite dominated (Figure 1). In addition to the aforementioned crystalline
compound’s amorphous part related with a broad hallow on XRD graphic within 2θ degree
range in 20–35◦ was detected as well.

Figure 1. The X-ray diffraction patterns of slag.

Notes: H is hydrotalcite-Mg6Al2CO3(OH)16·4H2O (14-191), Q is quartz SiO2 (78-2315),
C is calcite CaCO3 (72-1651).

The dry mixes of cement components were ground to a specific surface area of
4000 cm2/g by Blaine. After that the cement components (containing 90% or 100% slag
by mass) were mixed with water or the solution of Na2O·SiO2·5H2O with a density of
1250 kg/m3. The ratio of solid and liquid components was 0.5.

Properties of the alkali-activated blast furnace slag cements were in compliance with
the standard of Ukraine DSTU B V.2.7-181:2009, Cement LCEM I, Class 800.

2.2. Examination and Testing Techniques

Thermokinetic measurements were performed using a differential Tian-Calvet-type
calorimeter [28]. The procedure of the experiment was as described in [29]. In all exper-
iments, the cement sample was 1 g. The calorimetric experiment covered three periods:
initial, main, and final.

In the initial period, the calorimetric system temperature is equalized before the heat
of hydration measurements. The ingredients (the cements and liquid) were mixed at
room temperature and after that they were heated to desired temperatures to provide heat
release. The final period begins when the measured heat ends. The heat of hydration (H1)
is calculated as the difference between the heat release of unhydrated (Qa) and hydrated
(Q1) cement samples.
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Two kind of experiments has been performed: hydration of cement paste and dis-
solution of binders and hardened paste in acid. The test samples were dissolved in a
mixture of acids. The liquids used for the calorimetric measurements were the mixture
of nitric and fluoric acids obtained by mixing the following acids: 2M · HNO3 and HF
(concentration = 50%) to obtain the following final concentrations: 1.95 M of HNO3 and
0.5 M of HF. First of all, the heat release of unhydrated cement samples were performed
during experiments measuring. The sample of 10 mg cement was dissolved in 1400 mg of
calorimetric liquid (the above described mixture of nitric and fluoric acids) and the rate of
heat release during the hydration process and the cumulative heat release were measured.

The experiments were performed after 7 days of curing in a hermetically sealed
container at normal temperature (20 ± 2 ◦C). The hardened cement paste was ground
to produce a powder and a sample of 14 mg was taken. In order to take measurements
of the heat release, the quantity of the hydrated cement paste samples was increased by
40% compared to that of the non-hydrated cement sample. A quantity of the unhydrated
cement was increased in order to obtain their equal quantities calculated on a solid phase
with account of its hydration (0.4). In further calculations, the measured values of the
heat release were re-calculated for 1 g of the unhydrated cement. The conditions of the
experiment were as follows: duration of the experiment—30 min, temperature—25 ◦C. The
formation processes of cements structure were studied using a resonance device described
in [28].

To reveal effect of curing on thermokinetic characteristics, the influence of the follow-
ing parameters was studied: time of temperature application, rate of heating, duration of
isothermal heating, and temperature of heating.

3. Results and Discussions
3.1. The Thermokinetics of Cement Hydration Process

The calorimetric studies result of cements hardened at various temperatures are given
in Figure 2 and Table 2, Table 3, Table 4. In this study three systems were investigated.

3.1.1. The System of Portland Cement Clinker and Water

In hydration products high basic compounds are formed due to the high initial activity
of OPC clinker. In this case, Ca(OH)2, calcium silicate and aluminate hydrates formed. The
formation of these compounds is accompanied by high heat release [29]. In addition, the
products of the basic hydration recrystallize to low basic, which is also accompanied by
heat release due to the reduction in energy during the transformation to a more stable state.

The first exothermic peak, formed by wetting of finely dispersed clinker powder in
the liquid phase (with water), had high intensity and induction period is short (after 5.2 h
at t = 20 ◦C; after 1.9 h at t = 40 ◦C; after 1.5 h at t = 60 ◦C, and after 0.9 h at t = 80 ◦C). The
second exothermic peak is characterized by the early onset (after 13 h at t = 20 ◦C; after
64 h at t = 40 ◦C, after 3.34 h at t = 60 ◦C, and after 2 h at t = 80 ◦C) and it had high-rate
values of heat release (2.8 cal/(g·h) at t = 20 ◦C and 9.1 cal/(g·h) at t = 50 ◦C). It significantly
increased values of heat release: 99 cal/g after 96 h at t = 20 ◦C; 92 cal/g after 24 h at
t = 50 ◦C. All these is characteristics of the thermokinetic measurements shown in Figure 2.
Rapid hydration does not cause high strength values during the initial hydration period,
which is attributed to the weak Ca-O-Si type ionic bonds of the high-basic hydration
products, coarse crystalline structure, and porosity of the obtained cement stone [30].
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Figure 2. The thermokinetic characteristics of cements hydration process at temperatures of 20 ◦C (a); 30 ◦C (b); 40 ◦C (c);
50 ◦C (d); 60 ◦C (e); 70 ◦C(f); 80 ◦C (g).
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Table 2. The thermokinetic characteristics for the hydration process of clinker and H2O.

Curing
Temperature t,

◦C

Time During Which Maximal
Rate of Heat Release τ is

Reached, h

Rate of Heat Release dQ/dτ,
cal/(g·h) Cumulative Heat Release Q, cal/g

1 max 2 max 3 max 1 max 2 max 3 max 12 h 24 h 48 h 96 h

20 0.11 13.0 - 45 2.8 - 35 63 85 99
30 0.1 9.5 - 62 3.8 - 50 78 99 -
40 0.05 6.0 - 57 6.2 - 68 89 103 -
50 0.06 5.5 - 17 9.1 - 74 92 - -
60 0.1 3.3 - 30 11.7 77 88 - -
70 0.2 2.25 - 36 20.9. - 95 106 - -
80 0.08 2.0 - 24 21.0 - 84 94 - -

Table 3. The thermokinetic characteristics for the hydration process of the cement slag and Na2O·SiO2·5H2O solution.

Curing
Temperature t,

◦C

Time During Which Maximal
Rate of Heat Release τ is

Reached, h

Rate of Heat Release dQ/dτ,
cal/(g·h) Cumulative Heat Release Q, cal/g

1 max 2 max 3 max 1 max 2 max 3 max 12 h 24 h 48 h 96 h

20 0.16 48.0 - 1 1.7 - 2.7 3 13 34
30 1.5 26.0 - 1 3.4 - 5.8 15 52 -
40 0.75 13.5 - 1.2 7.4 - 11.0 48 65 -
50 0.75 10.7 - 1.3 9.4 - 27 55 - -
60 - 3.7 5.5 - 11.8 8.6 44 55 - -
70 - 3.6 7.5 - 8.2 6.8 41 52 - -
80 - 1.5 2.5 - 13.2 19.8 55 72 - -

Table 4. The thermokinetic characteristics for the hydration process of the cement slag, clinker and Na2O·SiO2·5H2O
solution.

Curing
Temperature t,

◦C

Time During Which Maximal
Rate of Heat Release τ is

Reached, h

Rate of Heat Release dQ/dτ,
cal/(g·h) Cumulative Heat Release Q, cal/g

1 max 2 max 3 max 1 max 2 max 3 max 12 h 24 h 48 h 96 h

20 0.25 38.0 - 1.7 1.9 - 2.9 4.5 30 47
30 0.25 31.0 - 0.8 4.1 - 4.9 8.8 50 -
40 0.25 11.6 - 1.4 6.7 - 16.5 38 52 -
50 0.16 12.3 - 0.5 7.7 - 12.7 46 - -
60 - 3.25 5.5 - 8.6 7.0 46 60 - -
70 0.75 4.6 6.8 1.2 8.5 11.0 45 59 - -
80 - 0.8 1.5 - 14.9 22.0 46 61 - -

3.1.2. The System of Slag and Na2O·SiO2·5H2O Solution

Granulated blast furnace slag is a low-basic aluminosilicate that includes hardly
polarized covalent bonds, and its interaction with water is much weaker compared to
OPC [13]. For this reason, the thermodynamic activity of the solid slag phase when
mixed with water is very low. However, the structure formation mechanism of alkali-
activated cements, in contrast to OPC, is explained not by protonation of ionic bonds but by
covalent Si-O-Si and Al-O break. In this study the alkali metal compound, Na2OSiO2·5H2O,
provides for the “loosening” of the slag structure in the initial interaction phases, but in the
later stages, the formation of alkaline aluminosilicate hydrates with few basic alkalis and
calcium silicate hydrates, which are the main compounds of hydration products [4]. Several
basic compounds are formed with negligible heat release. The distinctive feature of these
cements hydration is that there is no first exothermic peak (approximately 1–1.3 cal/g),
a long induction period (35 h at t = 20 ◦C; 20 h at 30 ◦C; 11 h, when t = 40 ◦C; 9 h, when
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t = 50 ◦C; 3 h, when t = 60 and 70 ◦C; 2.25 h, when t = 80 ◦C) with low and almost constant
heat release rate, relatively short acceleration period (28 h, when t = 20 ◦C; 11 h, when
t = 30 ◦C; 5 h, when t = 40 ◦C, 4 h, when t = 50 ◦C, 3 h, when t = 60 ◦C, 5 h, When t = 70 ◦C,
0.5 h = 80 ◦C), during which the main hydration reactions are very intense.

At a temperature of 60–70 ◦C, the so-called “splitting” of the second exothermic effect
can be observed only in purely alkali activated cement, whereas at t = 80 ◦C only in the
alkali activated cement with additive of clinker. A value of the second exothermic effect
of two alkali activated cements in principle (fundamentally) does not differ from that of
the Portland cement. A longer induction period results in cumulative heat release at the
beginning of the process, but a further increase in heat release rate over an accelerated
period results in higher cumulative heat release values.

The comparative analysis results of the thermokinetic hydration processes of OPC and
alkali-activated cement led to the conclusion that the induction period of alkali-activated
cement was longer (after 30 h at 20 ◦C; after 17 h at 30 ◦C; after 10 h at 40 ◦C; after 6 h at
50 ◦C; after 1.5 h at 60 and 70 ◦C; after 1.25 h at 80 ◦C) and the lower values of cumulative
heat release during 24 h (60 cal/g at 20 ◦C; 41 cal/g at 40 ◦C; 33 cal/g at 60 ◦C; 22 cal/g at
80 ◦C). Despite the revealed regularities, the value of the second exothermic effect in the
case of alkali-activated cement is quite high, and its onset time at high temperature does
not differ from that of OPC.

As written previously, the difference in thermokinetic characteristics of alkali-activated
cement and OPC cement can be attributed to a fundamentally different mechanism of
hydration. It is obvious that the formation of low alkali compounds in the hydration
process of alkali-activated cements takes place in later stages and with lower heat release.
In contrast, in OPC cements, the formation of high-basic calcium aluminate hydrates and
calcium silicate hydrates occurs in the early stages of hydration, which is accompanied by
considerable heat release.

3.1.3. The Systems of Slag, Portland Cement Clinker and Solution of Na2O·SiO2·5H2O

The addition of clinker as a hardening accelerator promotes an increase in the rate of
crystal structure formation in the condensation-crystallization structure formation stage.
Much earlier beginning of the appearance of the second exothermic peak (10 h at t =20 ◦C;
2 h at t =40 ◦C; 0.5 h at t =60 ◦C; 0.7 h at 80 ◦C) observed in thermokinetic curves, but the
values of the second exothermic peak and the cumulative heat release of the compositions
with clinker are similar to the values of cement compositions without clinker additive, but
the strength of the samples is significantly increased due to the intensification of hardening
processes by adding the hardening accelerator (clinker) [29].

This is confirmed by the study results of hardened cement paste structure formation
obtained using a resonant device [30]. In the study the amplitude-frequency characteristics
(range 1–2) tend to increase immediately after the slag is mixed with Na2O·SiO2·5H2O
solution (Figure 3). The increase of the resonance frequency (ω) values confirms the
formation of the colloid structure in the alkali-activated slag cement dispersion. The
increase in the resonance amplitude (Xa,res) occurs due to the surface layers destruction of
slag in the process of interaction slag with the alkaline medium. The addition of clinker
leads not only to the intensification of the formation processes of the dispersion-coagulation
structure (more intensive growth of values (Xa,res) in the initial hydration stage), but also
to the accelerated formation of the precursors of the crystalline phase. This is confirmed
by the increase in frequency resonance (ωres) values and the intensive increase in cement
stone compressive strength values (Rcomp).
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Figure 3. The influence of the additive (Portland cement clinker) on the structure formation process
at temperature of 20 ◦C.

3.2. Influence of Temperature on Heat Release during Accelerated Curing

Each time the temperature rises by 10 ◦C, the rate of homogeneous chemical reaction is
2–4 times increased. The interrelations that reflect the effect of temperature on the reaction
rate become simpler, given the dependence of the logarithm of the rate constant on the
inverse of the absolute temperature value. The logarithm of the reaction rate constant
ln(k) depends almost linearly on the value (1/t). The required dependence, under certain
assumptions, could be expressed by the Arrhenius equation (1):

ln(k) = A/t + B (1)

where k—reaction rate constant; A and B—individual constants for a given reaction;
t—temperature.

This assumption is confirmed by the data of calorimetric studies (Figure 4). As the
temperature increased from 20 to 80 ◦C, all the tested samples showed an intensification
of the hydration reactions and, respectively, an increase in the value of heat release and
cumulative heat release. This is particularly clear in the example of alkali-activated slag
cement, the hydration of which tended to accelerate abruptly with a rise in temperature
from 20 to 40 ◦C. At the same time, it is shown that the increase in temperature from 60 to
80 ◦C does not strongly affect these characteristics.

3.3. Influence of Curing on Thermokinetic Characteristics

Choice of optimal curing regimes of concrete is restricted, usually, by mixture compo-
sition, sustainability, strength, minimal duration of curing before temperature application,
maximal allowed heating rates, duration of isothermal heating and other factors.

The data analysis on the changes in the thermokinetic characteristics of the tested
cement under certain non-isothermal conditions (Figures 5–7) shows that with the longer
curing duration of hardening cement mixes varying from 1 to 5 h before application of tem-
perature the lowering of the rate of heat release is observed only for the OPC-based cements.
In the case of the alkali-activated cement “slag + solution of Na2O·SiO2·5H2O” the duration
of curing before application of temperature does not affect the rate of heat release. At
the same time, for the cement composition “slag + clinker + solution of Na2O·SiO2·5H2O”
with the longer duration of curing before the application of temperature the rate of heat
release increases.
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Figure 4. The comparative thermokinetic characteristics of cement hydration process at curing
temperatures and in the systems: clinker + water (a); slag + solution of Na2O·SiO2·5H2O (b) and
slag + clinker + solution of Na2O·SiO2·5H2O (c).
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Figure 5. The influence of heat curing parameters on thermokinetic characteristics of the cement
hydration in the clinker + water system.

Figure 6. The influence of heat curing parameters on thermokinetic characteristics of the cement
hydration in the slag + solution of Na2O·SiO2·5H2O system.

The time during which a maximum rate of heat release is achieved for all cements
under study is shifted to the right along the axis of time proportionally to the moment of
application of temperature. This can be attributed to the specific features and elementary
constituents of the hydration process: adsorption, dissolution, formation of precursors of
crystals, crystallization, etc. Especially important is that some reduction of the complexity
of heat release in the beginning of hydration is changed, judging from the dependence
Q = f(T), by approximating the values of the complexity of the heat release to each other as
soon as after 10–12 h.

When the heating rate reaches 10–24 cal/(g·h), the maximum heat release also shifts
to the right along the time axis. However, hydration of alkali-activated cements shows an
increase in rate and complexity as the heating rate slows. At a heating rate of 10 cal/(g·h),
the value of the exothermic peak is minimal for OPC cement. The hydration of these
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cement compositions “slag + solution of Na2O·SiO2·5H2O and “slag” + clinker + solution
of Na2O·SiO2·5H2O” reaches its maximum.

Figure 7. The influence of heat curing parameters on thermokinetic characteristics of the cement
hydration in the slag + clinker + solution of Na2O·SiO2·5H2O system.

The influence of heating time on isothermal heating at 80 ◦C is difficult to understand.
At this high temperature the maximum heat release is achieved before the heating is
completed, and further curing promotes only an insignificant increase in the cumulative
heat release. When the heating temperature is 20–30 ◦C lower the influence of the curing
time is even clearer: in case of a short curing time (2 h) the sharp lowering rate of heat
release is observed. For a longer curing period of up to 6 h the process is more complete
and a further increase in duration promotes only an insignificant increase in heat release.

In the case of non-isothermal thermokinetics, the limit value of the heating temperature
plays an important role. The value of the absolute value of the maximum heat release
increases in proportion to the curing temperature. The time taken to reach it for the
cements under study is similar. The change in the complexity of hydration depends on the
applicable isothermal conditions.

The analysis of the obtained data allowed to conclude about the essential influence of
heat curing parameters on the thermokinetic characteristics of hydration rate and complex-
ity of the studied cements.

3.4. The Substantiation Criterion for the Choice of Heat Curing parameters

A complex set of thermokinetic studies performed, supported by collected data on
the synthesis of hardened cement strength and the results of physico-chemical studies of
hydration products, can provide a theoretical basis for determining the criterion of heat
efficiency of concrete curing.

As can be seen from the performed experiments, the higher basicity of the cement, the
higher the amount of low basic calcium silicate hydrates in the hydration products. This is
accompanied by a decrease in total heat release during the hydration process of the cement
and an increase in the strength of the hardened cement.

The results of calorimetric studies were based on studies of thermochemical methods.
The heat release of both unhydrated and hydrated cement samples was measured by the
dissolution calorimetry method (Figure 8).
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Figure 8. Interrelationships dQ/dτ−f(τ) and Q−f(τ) in the process of dissolution of the unhydrated (a) and hydrated
cement samples (b). The “cement + acid” is unhydrated and “cement + water glass + acid” is hydrated.

In the light of thermokinetics, the heat release of a substance is identical to the
heat required for its formation. Interesting is the comparison of hydration heat calcu-
lated from thermochemical experiments and the heat of hydration measured directly by
thermokinetic studies.

In general, the complex analysis of heat release in the hydration process of the inves-
tigated cements provides information on the reaction possibilities of the cement and the
mechanism of hydration. The 1-day heat values of accumulated heat and 7-days of hydra-
tion are quite high. Heat release for 7-days is significantly higher than for 1-day, indicating
a long duration of the hydration reaction. Alkali activated cement is characterized by low
and almost similar heat release values obtained also by thermochemical and thermokinetic
experiments. The results are also interesting in assessing and considering the heat released
in the process of cement hydration in the production of concretes from them [31,32].

Thus, it can be concluded that the efficiency of high basic cements in the process of
curing is determined by the amount of heat released during the hydration process, which
plays an important role in preheating the concrete mix and can contribute to the heat
balance of the curing process.

The mechanism of hydration of so-called low basic cements (the cements with the
lower basicity of a solid phase compared to that of traditional cements; an example is the
alkali-activated cement) [16]. Its hydration is completely different and is caused not by
the protonization of ionic bonds, but by the break of covalent Si-O-Si and Al-O-Al bonds,
followed by the synthesis of low hydration phases from the destruction products resulting
in activation of the hydration process when the temperature rises from 20 to 40 ◦C.

The strength analysis of hardened cement paste after curing at a relatively low tem-
perature (below 40 ◦C) and the accumulating·heat release of the cement in the early stages
of hydration (Figure 9) showed that the cement hydration process was activated. In this
case low basic cement has a higher heat release rate. From a thermokinetic point of view,
the rate of heat release at 40 ◦C can be a criterion for the efficiency of such systems in the
thermal curing process.

Notes: I—“clinker + water”; II—“slag + solution of Na2O·SiO2·5H2O”;
III—“slag + clinker + solution of Na2O·SiO2·5H2O”.
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By adding the clinker in the cement composition, the mechanism of hydration was
determined similar to hydration under normal conditions. It intensifies the formation
of dispersion-coagulation thixotropic structure based on condensation–crystallization
structures [23,27,30,33].

Figure 9. Heat release Q and compressive strength Rcomp of the cements:(a) t = 20 ◦C; (b) t = 40 ◦C;
(c) t = 60 ◦C; (d) t = 80 ◦C.

This is confirmed by the higher resonant frequency values (ωres) (Figure 10), which
confirm that the development of hydration processes in this case is much more intense at sig-
nificantly lower temperatures than required for cements without Portland cement clinker.

Figure 10. The influence of Portland cement clinker on the structure formation of the cement in the
system slag + clinker + solution of Na2O·SiO2·5H2O cured at temperatures from 20 to 80 ◦C.
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4. Conclusions

The thermokinetic regularities of the alkali-activated blast-furnace slag cement com-
pared to OPC during·hydration process were studied. It was proved that in the case of
alkali-activated blast-furnace slag cement the heat release values are not characteristic of
cement activity, as in the case of OPC. Therefore, in the case of OPC the cumulative heat
release is a criterion for the selection of effective curing parameters. In the case of alkali
activated blast-furnace slag cement the heat release rate, which increases sharply with
increasing temperature from 20 ◦C to 40 ◦C were determined.

From the viewpoint of thermokinetics, the heat release rate of alkali-activated blast-
furnace slag cement at temperature of 40 ◦C can be a qualitative criterion that allows to
choose the parameters of heat curing for alkali-activated blast-furnace slag cement concretes.

It has been found that with the addition of a crystallochemical hardening accelerator in
the composition of alkali-activated cement, the processes are accelerated not only by form-
ing a condensation–crystallization structure, but also by forming a dispersion-coagulation
structure as well.

Author Contributions: Conceptualization, P.K. and A.U.-M.; methodology, A.U.-M. and P.K.; val-
idation, P.K.; D.V., A.U.-M. and G.B.; formal analysis, A.U.-M.; investigation, A.U.-M. and P.K.;
writing—original draft preparation, P.K.; D.V., A.U.-M. and G.B.; writing—review and editing, D.V.,
G.B.; visualization, P.K. and D.V.; supervision, P.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the European Social Fund under the No 09.3.3-LMT-K-
712 “Development of Competences of Scientists, other Researchers and Students through Practical
Research Activities” measure.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data Sharing is not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tang, Z.; Li, W.; Hu, Y.; Zhou, J.L.; Tam, V.W. Review on designs and properties of multifunctional alkali-activated materials

(AAMs). Constr. Build. Mater. 2019, 200, 474–489. [CrossRef]
2. Xiao, R.; Jiang, X.; Zhang, M.; Polaczyk, P.; Huang, B. Analytical investigation of phase assemblages of alkali-activated materials

in CaO-SiO2-Al2O3 systems: The management of reaction products and designing of precursors. Mater. Des. 2020, 194, 108975.
[CrossRef]

3. Glukhovsky, V.D.; Pakhomov, V.A. Гpунтoсиликaты. Гoсстpoйиздaт. (Slag-alkali cements and concretes). Budivelnik 1978. (In
Russian)

4. Krivenko, P.V. Cпециaльные шлaкoщелoчные цементы. (Special slag-alkali cements). Будiвельник 1992.
5. Shi, C.; Krivenko, P.; Roy, D. Alkali-Activated Cements, and Concretes; Tailor&Francis: Oxfordshire, UK, 2006; pp. 64–105.
6. Provis, J.L.; Brice, D.G.; Buchwald, A.; Duxson, P.; Kavalerova, E.; Krivenko, P.V.; Shi, C.; van Deventer, J.S.J.; Wiercx, J.A.L.M.

Demonstration projects and applications in building and civil infrastructure. In Alkali-Activated Materials: State-of-the-Art Report;
Springer: Berlin, Germany, 2014; pp. 309–338.

7. Provis, J.; Palomo, A.; Shi, C. Advances in understanding alkali-activated materials. Cem. Concr. Res. 2015, 78, 110–125. [CrossRef]
8. Palomo, A.; Krivenko, P.V.; Garcia-Lodeiro, I.; Kavalerova, E.; Maltseva, O.; Jimenez, A.M.F. A review on alkaline activation: New

analytical perspectives. Mater. Construcción 2014, 64, e022. [CrossRef]
9. Bernard, J. Some applications of construction calorimetry to cement hydration. Adv. Cem. Res. 1987, 1, 35–44.
10. Lipus, K.; Baetzner, S. Determination of the heat of hydration of cement by isothermal conduction calorimetry. Cement Int. 2008,

4, 92–105.
11. Usherov-Marshak, A. Calometry of Cement and Concrete; Fakt: Kharkov, Ukraine, 2002. (In Russian)
12. Scrivener, K.; Snelings, R.; Lothenbach, B. A Practical Guide to Microstructural Analysis of Cementitious Materials; CRC Press: Boca

Raton, FL, USA, 2018; pp. 37–74.
13. Govorov, A. The Process of Hydrotermal Harding of Slag Dispersion; Naukova dumka: Kiev, Ukraine, 1976. (In Russian)
14. Krivenko, P. Synthesis of Cementitious Materials in a System R2O-RO-Al2O3-SiO2-H2O with Reguiled Properties; KISI Publis. Kiev:

Kiev, Ukraine, 1986. (In Russian)

http://doi.org/10.1016/j.conbuildmat.2018.12.157
http://doi.org/10.1016/j.matdes.2020.108975
http://doi.org/10.1016/j.cemconres.2015.04.013
http://doi.org/10.3989/mc.2014.00314


Materials 2021, 14, 5872 15 of 15

15. Usherov-Marshak, A.; Pershina, L.; Krivenko, P. Calorimetric Studies of Hydration of Cementitious Materials Varying in Basicity.
J. Therm. Anal. Calorim. 1998, 54, 57–61. [CrossRef]

16. Usherov-Marshak, A.; Krivenko, P.; Pershina, L. The role of solid-phase basicity on heat evolution during hardening of cements.
Cem. Concr. Res. 1998, 28, 1289–1296. [CrossRef]

17. Shi, C.; Day, R.L. A calorimetric study of early hydration of alkali-slag cements. Cem. Concr. Res. 1995, 25, 1333–1346. [CrossRef]
18. Usherov-Marshak, A.V.; Krivenko, P.V.; Domanskaya, N. Early hydration of alkali-slag cements. Nonorganic Mater. 1994, 30,

1341–1342. (In Russian)
19. Krizan, D.; Zivanovic, B. Effects of dosage and modulus of water glass on early hydration of alkali–slag cements. Cem. Concr. Res.

2002, 32, 1181–1188. [CrossRef]
20. Shi, C.; Day, R.L. Some factors affecting early hydration of alkali-slag cements. Cem. Concr. Res. 1996, 26, 439–447. [CrossRef]
21. Cincotto, M.A.; Melo, A.A.; Repette, L. Effect of different activators type and dosages and relation to autogenous shrinkage of

activated blast furnace slag cement. In Proceedings of the 11th International Congress on the Chemistry of Cement, Durban,
South Africa, 11–16 May 2003; pp. 1878–1888.

22. Bensted, J. Early hydration of portland cement—Effects of water/cement ratio. Cem. Concr. Res. 1983, 13, 493–498. [CrossRef]
23. Jimenez, A.M.F.; Puertas, F. Influencia de la concentración del activador sobre la cinética del proceso de activación alcalina de una

escoria de alto horno. Mater. Construcción 1997, 47, 31–42. [CrossRef]
24. Usherov-Marshak, A.V.; Krivenko, P.V.; Pershina, L.A. Correlating heat-release kinetics to the strength of cements and concretes

in the course of curing. Inorg. Mater. 1999, 35, 244–247. (In Russian)
25. Montilla, A.A.H.; Puertas, F.; Tobón, J. Microcalorimetric study of the effect of calcium hydroxide and temperature on the alkaline

activation of coal fly ash. J. Therm. Anal. Calorim. 2018, 131, 2395–2410. [CrossRef]
26. Usherov-Marshak, A.V.; Domanskaya, N.; Krivenko, P. Теpмoкинетические исследoвaнияpaнних стaдий пpoцессoв

гидpaтaции шлaкoщелoчных цементoв. Жуpнaл пpиклaднoй химии(Thermokinetic studies of early stages of hydration
processes of slag-alkaline cements). J. Appl. Chem. 1996, 11, 1831–1834. (In Russian)

27. Krivenko, P.; Puskareva, E.; Chirkova, V. Oб интенсификaции пpoцессoв стpуктуpooбpaзoвaния низкooснoвных цементoв.
Жуpнaл пpиклaднoй химии(On the intensification of the processes of structure formation of low-base cements). J. Appl. Chem.
1984, 6, 1305–1309. (In Russian)

28. Calvet, E.; Prat., H. Recent Progress in Calorimetry; Pergamon Press: Oxford, UK, 1963.
29. Usherov-Marshak, A.V.; Sopov, V.P. Kinetic and power aspects of cement containing composites properties formation. Cemento

1993, 90, 239–246.
30. Stark, J.; Wicht, B. Zement und Kalk. Birkhäuse. In Herausgeber; F.A. Finger-Institut für Baustoffkunde der Bauhaus-Universität

Weimar: Weimar, Germany, (In German). 2000.
31. Wang, X.-Y.; Lee, H.-S. Heat of hydration models of cementitious materials. Adv. Cem. Res. 2012, 24, 77–90. [CrossRef]
32. Yliniemi, J.; Walkley, B.; Provis, J.; Kinnunen, P.; Illikainen, M. Influence of activator type on reaction kinetics, setting time, and

compressive strength of alkali-activated mineral wools. J. Therm. Anal. Calorim. 2021, 144, 1129–1138. [CrossRef]
33. Rebinder, P.A. Physico- Chemical Views on Mechanism of Setting and Hardening of Mineral Binders; monograph; Gosstroyizdat Publish:

Moscow, Russia, 1956; p. 125.

http://doi.org/10.1023/A:1010152415616
http://doi.org/10.1016/S0008-8846(98)00113-6
http://doi.org/10.1016/0008-8846(95)00126-W
http://doi.org/10.1016/S0008-8846(01)00717-7
http://doi.org/10.1016/S0008-8846(96)85031-9
http://doi.org/10.1016/0008-8846(83)90007-8
http://doi.org/10.3989/mc.1997.v47.i246.505
http://doi.org/10.1007/s10973-017-6715-4
http://doi.org/10.1680/adcr.11.00007
http://doi.org/10.1007/s10973-020-09651-6

	Introduction 
	Materials and Methods 
	Raw Materials 
	Examination and Testing Techniques 

	Results and Discussions 
	The Thermokinetics of Cement Hydration Process 
	The System of Portland Cement Clinker and Water 
	The System of Slag and Na2OSiO25H2O Solution 
	The Systems of Slag, Portland Cement Clinker and Solution of Na2OSiO25H2O 

	Influence of Temperature on Heat Release during Accelerated Curing 
	Influence of Curing on Thermokinetic Characteristics 
	The Substantiation Criterion for the Choice of Heat Curing parameters 

	Conclusions 
	References

