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Abstract: The study on the hydration process of cement-based materials is of significance since it
determines the development of the macro-properties. The hydration process of high-volume fly ash
(FA)-cement based materials is quite special and needs systematic study. In this study, the hydration
heat release of cement paste with high volume FA were measured with isothermal calorimetry at
different temperatures. The full-width at half-maximum (FWHM) value of the exothermic peak and
the cementitious index (CMI) of FA were used comprehensively to evaluate the influence of FA on
cement hydration. It was found that increasing the FA content and water-binder ratio retarded the
hydration process for paste but did not show obvious effects on the hydration of cement. The CMI
values show that raising the temperature intensified the retarding effect of FA on cement hydration
during the induction period, but promoted the subsequent hydration process. According to the
normalized heat release to cement, and the change of CMI values with temperature, new evidence
was found that FA may not act as nucleation sites during the hydration process of cement. The result
can be better explained by the topochemical reaction mechanism.

Keywords: fly ash (FA); temperature; hydration; heat release

1. Introduction

Cement is widely used in construction projects. However, due to the shortage of
raw materials and environmental protection requirements, more and more supplementary
cementitious materials are used to partially replace cement in concrete. Since the properties
and activities of these supplementary cementitious materials are different from cement,
they will cause changes in the setting time and compressive strength of concrete. In general,
the hydration process of cement-based materials is closely related to the setting time and
compressive strength of concrete [1-3]. Based on the above reasons, studying the hydration
process of cement-based materials containing supplementary cementitious materials, and
understanding their hydration mechanism, can provide theoretical support for the design
and performance control of cement-based materials.

Fly ash (FA) is widely used as a supplementary cementitious material in concrete.
Substituting it for part of cement can not only effectively reduce the cost of raw materials,
but also improve the durability and workability of concrete [4-6]. There is no consensus on
the effect of FA on cement hydration. Some researchers believe that the nucleation effect of
FA accelerates cement hydration. It can be explained as the FA acting as nucleation sites
for the C-S-H gel, accelerating the hydration reaction [7,8]. On the contrary, other studies
have shown that FA can delay the hydration process of cement, which may be related
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to the reduction of cement particles and the lower activity of FA [8,9]. Some researchers
have found that FA-cement-based materials can achieve comparable later age strengths,
due to the slower pozzolanic reaction of FA compared to the cement hydration [10,11]. In
general, FA can exert a dilution effect, physical effects and chemical effects in the process of
cement hydration, but the effects of FA in the early and late age are not the same [12]. As
mentioned above, more and more FA is added into cement-based materials for the purpose
of environmental protection, especially to reduce CO, emissions. Traditionally, for the
concrete used in building structures, the FA content is normally 25% or less of the cement
weight. For an FA content of 25% or more, especially in the high-volume FA-cement system,
further research on the hydration behavior is still needed [13].

It was found that when FA was mixed into cement-based materials, the hydration
exothermic value of the blended cement-based materials was reduced, and the early
hydration was retarded. However, the hydration can be accelerated in the later ages,
and the higher the FA content is, the more obvious the effect is [14-16]. For cement particles,
some researchers have found that when FA was added, the rate of early hydration of
cement increased [7,8]. At different temperatures, the effect of FA on the hydration process
of cement-based materials is not the same. Narmluk [8] found that at 20 °C and 35 °C, FA
retarded the cement hydration at early ages and accelerated the cement hydration at late
ages. However, at a high temperature of 50 °C, the FA retarded the cement hydration at
later ages when high contents of FA were used. Escalante [15] found that in a paste with
water-binder ratio of 0.50, FA accelerated the hydration of cement at low temperatures
(10-30 °C), but showed a retarding effect at high temperature (60 °C). These studies have
not specifically analyzed and explained the effect of temperature on the hydration process
of FA-cement-based materials.

The hydration heat and heat flow peak of cement-based material with FA can be
measured with isothermal calorimetry, which can reflect the early hydration behavior of
blended cement-based materials. It was found that the replacement of cement by FA results
in a reduction of the hydration exothermic peak value, compared to pure cement [17]. For
cement-based materials with an FA content of more than 20%, the cumulative heat release in
the first 20 h was reduced [16-19]. Regarding the processing of isothermal calorimetry data,
especially for blended cement-based materials mixed with supplementary cementitious
materials, many studies have not analyzed and discussed the difference in heat flow
and cumulative heat curves obtained with different normalization methods. In addition,
the heat flow curve obtained by isothermal calorimetry can only qualitatively describe
the influence of different admixtures on the hydration process, and lacks quantitative
description of the hydration process. Therefore, it is necessary to find parameters or
methods that can comprehensively evaluate and analyze the hydration process. Some
researchers have proposed using the cementitious index (CMI) value and full width at half
maximum (FWHM) value to reflect the effect of nano-particles or mineral admixtures on
cement hydration [7,20], but the quantitative effect of high-volume FA on cement hydration
is rarely mentioned.

In order to better understand the hydration process of FA-cement paste, especially
the hydration process of high-volume FA-cement paste at different temperatures, the
hydration process of FA-cement paste under different FA contents, water-binder ratios
and temperatures were systematically tested. The isothermal calorimetry test was used
to measure the hydration heat release of cement paste with 0%, and 30% to 70% FA. The
water-binder ratio was set at 0.4, 0.5 and 0.6, and the temperature was set at 10 °C, 20 °C
and 35 °C. The heat flow and cumulative heat were normalized to paste weight and cement
weight, respectively, for comparative analysis. The FWHM value of the exothermic peak
and the CMI value of the mineral admixtures were used to analyze the influence of FA on
cement hydration heat release. Finally, the hydration mechanism of cement-based materials
with FA was discussed, based on the data of hydration heat.
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2. Experimental Program
2.1. Materials

The cement used in the experiment was P-I 42.5, in accordance with Chinese GB
175-2007 with a specific surface area of 355 m?/kg. The specific surface area of FA was
434 m? /kg (BET method). Table 1 shows the main chemical compositions of the cement
and FA. The X-ray diffraction patterns of the powders are shown in Figure 1. It can be
found from Figure 1 that the main phases in cement include C3S, C,S, C3A, Calcite, etc.,
and the main phases in FA are Quartz, CH, Mullite, etc. The particle size distribution of
the cement and the FA are shown in Figure 2. The measured Dsj of the cement and the FA
were about 16.6 pm and 32.9 um, respectively.

Table 1. Chemical compositions of cement and FA /%.

Material SiO, Al,O3 Fe, O3 CaO MgO SO; Loss on Ignition
Cement 22.6 5.04 3.33 61.57 2.65 2.31 2.50

FA 42.77 30.28 6.08 14.00 2.26 0.81 3.80

Cement :
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A — Gypsum

L ]
° °
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Figure 1. XRD pattern of raw materials.

2.2. Experimental Method and Mix Proportions

The hydration heat release was recorded by a TAM AIR eight-channel isothermal
calorimeter. Each channel contains two chambers, one containing distilled water and the
other containing cement paste. According to the mix proportions of binder in Table 2, we
stirred 50 g paste in advance, then extracted a 5 g sample into an ampoule bottle with a
syringe. After sealing, we transferred the ampoule bottle to the equipment immediately for
testing. The isothermal calorimetry tests were carried out at 10 °C, 20 °C and 35 °C, and
the heat release data were continuously recorded till 72 h.
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Figure 2. Particle size distribution curves of raw materials.

Table 2. Mix proportions of binder.

Sample Water-Binder Ratio FA/% Cement/%
A0 0.4 0 100
A3 0.4 30 70
A4 0.4 40 60
A5 0.4 50 50
A6 0.4 60 40
A7 04 70 30
BO 0.5 0 100
B3 0.5 30 70
B4 0.5 40 60
B5 0.5 50 50
B6 0.5 60 40
B7 0.5 70 30
Co 0.6 0 100
C3 0.6 30 70
C4 0.6 40 60
C5 0.6 50 50
Cé6 0.6 60 40
c7 0.6 70 30

3. Experimental Results
3.1. The Exothermic Behavior of FA-Cement Paste

Figures 3 and 4 show the heat flow curves and cumulative heat curves of paste
at different temperatures, different FA contents, and different water-binder ratios. The
hydration heat was normalized to weight of the FA-cement paste.
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Figure 3. Heat flow of cement pastes at different temperatures. (a) heat flow of the cement paste at
10 °C; (b) heat flow of the cement paste at 20 °C; (c) heat flow of the cement paste at 35 °C.
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Figure 4. Cumulative heat release of cement pastes at different temperatures. (a) cumulative heat re-
lease of the cement paste at 10 °C; (b) cumulative heat release of cement paste at 20 °C; (¢) cumulative
heat release of cement paste at 35 °C.

Generally, the early hydration process of cement-based material can be divided into
five periods, i.e., evolution period, induction period, acceleration period, deceleration
period and steady period [21-23]. It can be seen from Figure 3 that the addition of FA
reduces the rate of hydration heat release of the paste, and the end time of the induction
period is also delayed. With the increase of FA content, the effect of this extension becomes
more obvious. It can be seen from Figure 4 that the addition of FA significantly reduced
the cumulative heat release of the paste, and the greater the amount, the more obvious
the reduction effect. At 20 °C, the cumulative heat release of the cement paste with a
water-binder ratio at 0.4 was 151.0 J/g at 72 h. When FA replaced 30% and 60% of the
cement, the cumulative heat release of the paste became 123.3 J/g and 84.8 ] /g at the same
time, reducing by 18.3% and 43.8%, respectively.

Figure 5 shows the end time of the induction period, the duration of the acceleration
period and the arrival times of exothermic peaks of the pastes with different proportions.
When the temperature rose, the early-age hydration rate of the pastes accelerated, and the
end time of the induction period and the arrival times of the exothermic peaks obviously
shortened. At 35 °C, the cumulative heat of the cement paste with 70% and 40% FA content
were close to that of cement paste with 60% and 30% FA content at the later period of
hydration. This might have been because the glass network structure of FA is more easily
destroyed at high temperatures, and SiO4*~ is easier to depolymerize, which enhances the
activity of FA and accelerates the activity of pozzolans. Therefore, the accumulated heat
release increases.
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Figure 5. Time variables at different temperatures. (a) end time of induction period; (b) duration of
acceleration period; (c) arrival time of exothermic peak.

The increase of water-binder ratio did not promote the hydration of FA-cement paste.
As shown in Figures 3 and 4, the hydration rate and hydration heat of the paste de-
creased with the increase of water-binder ratio at three temperatures. At 10 °C, when the
water-binder ratio of the cement paste with 30% FA content increased from 0.4 to 0.6, the
accumulated heat release of the paste for 72 h dropped from 104.4 J/g to 90.9 J/ g, with
a decrease of 12.9%. When the temperature rose to 35 °C, the cumulative heat release
dropped from 141.4 J/g to 136.1 J /g, with a decrease of 3.7%, indicating that the change of
water-binder ratio had a greater impact on the hydration heat at low temperatures.

3.2. The Effect of FA on the Early-Age Hydration Process of Cement

Some researchers [16,24,25] found that in blended cement-based materials containing
FA, no matter what the glass content and composition of FA were, the early reaction of
FA at room temperature (25 °C) was almost non-existent, and the reaction of FA was only
observed after the age of 7 days. Through the BSE method, Han et al. [16] found that at
25 °C, FA reaction degree in the cement paste with 35% FA was 1.56%, while the cement
reaction degree was 53.88% at 3 days. Although increasing the temperature will promote
the pozzolanic reaction of FA in blended cement-based materials, the hydration heat of FA
is still at a low level before the age of 3 days [16]. So, it can be assumed that the cement
hydration contributes to all the heat release of FA-cement paste at the early ages. Hence,
the heat release could be normalized to the unit cement mass to study the effect of FA on
the hydration process of cement particles.

The heat flow and cumulative heat which were normalized to mass of cement are
shown in Figures 6 and 7. With the increase of FA content, the exothermic peak value of
cement hydration in blended cement paste was higher than for pure cement paste. The
maximum heat flow peak occurring time was delayed, and the accumulated exothermic
value also increased with an increase of FA content. Similar to the normalization to paste,
when the water-binder ratio increases, the peak heat flow of cement hydration decreases,
and the hydration process is accelerated with an increase of temperature.
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Figure 6. Heat flow of the paste at different temperatures (normalized to cement). (a) heat flow of the
paste at 10 °C; (b) heat flow of the paste at 20 °C; (c) heat flow of the paste at 35 °C.

When the heat flow and accumulated heat are normalized to the paste, the change in
the heat release of the paste after replacing the cement with FA is obvious. However, this
method takes the paste as a whole and cannot analyze the influence of FA on the hydration
process of cement. Normalizing the test results to the unit mass of cement in the paste can
more clearly reflect the hydration process of the cement. Furthermore, the effect of FA on
cement can be analyzed.

3.3. CMI Values of FA
The cumulative heat release of mineral admixtures in cement-based materials can be
determined by Equation (1) [20].

CMI=Qp — Qc(1 = fm) @

where CMI is the cementitious index of FA, Qj, (J/g) is cumulative heat normalized to paste
mass, Qc (J/g) is cumulative heat normalized to cement mass, and fr, is replacement ratio
of cement by FA in paste.
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Figure 7. Cumulative heat release of the paste at different temperatures (normalized to cement).
(a) cumulative heat release of the paste at 10 °C; (b) cumulative heat release of the paste at 20 °C;
(c) cumulative heat release of the paste at 35 °C.

Since FA did not react before the age of 3 d, the CMI values of FA actually reflect the
effect of FA on the heat release of cement hydration. The calculated CMI values of FA are
shown in Figure 8.

CMI is negative in the induction period, which indicates that the heat release of the
FA-cement paste was less than pure cement paste. This effect was more pronounced when
the content of FA increased from 30% to 60%. Yin et al. [26] suggested that FA made the
distance between cement particles large, resulting in a greater repulsive force between
particles than the van der Waals force. Therefore, more time was needed to form the
flocculation structure. When FA replaces more cement particles, i.e., when there are fewer
cement particles, it will result in a decrease in the hydration rate and a decrease in the
amount of hydration products.
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Figure 8. CMI values of FA at different water-binder ratios. (a) CMI values of FA at water-binder
ratio of 0.4; (b) CMI values of FA at water-binder ratio of 0.5; (c) CMI values of FA at water-binder
ratio of 0.6.

It was interesting to find that during the induction period, raising the temperature
accelerated decrease of the CMI values. It shows that when the temperature rises, FA
has a retarding, rather than a promoting, effect on cement hydration. For instance, for
the paste with a water-binder ratio at 0.4 and FA content at 60%, when the tempera-
ture was at 10 °C, the time for CMI to reach the minimum value (—0.91 ]J/g) was about
17.5 h. When the temperature rose to 20 °C and 35 °C, the times for the minimum CMI
values to be reached (—2.15J/g and —5.01 ]J/g) were advanced to 10.3 h and 6.0 h, re-
spectively. The absolute value of CMI also increased with raising of the temperature,
which indicated that the temperature increase intensified the retarding effect of FA on
cement hydration. Escalante-Garcia et al. [27,28] thought the denser hydration products
produced at elevated temperatures around unhydrated cement particles are detrimental to
further cement hydration in the later period, which offsets the contribution resulting from
increasing temperature.

During the deceleration period, the CMI values gradually became positive, which
indicated that the heat release of the paste with FA increased gradually and was greater
than pure cement paste. The CMI values of FA improved faster after the minus peak time
at higher temperature. The high temperature enhanced the hydration, but the effective
period was limited to the early age (e.g., 72 h), depending on the water-binder ratio and FA
content. The increase in FA content also had a significant impact on the CMI values. In the
very early hydration stages, when the FA content increased to 60%, the retarding effect was
more significant, especially at 35 °C.

The water-binder ratio also had an impact on CMI values, but the effect was different
in the early and late hydration stages. In the early stage of hydration, the CMI values were
negative values. At lower temperatures, the CMI values decreased with the increase of the
water-binder ratio, but at higher temperatures, the absolute CMI values were proportional
to the water-binder ratio. In the later stage of hydration, the CMI values of the higher
water-binder ratio cement paste were smaller than the CMI values of FA in the lower
water-binder ratio cement paste. Generally, at 10 °C and 20 °C, the higher water-binder
ratio attenuated both the retarding effect of FA at very early age and the acceleration effect
of FA at relatively late age. However, at 35 °C, the higher water-binder ratio enhanced the
retarding effect of FA on very early age cement hydration. The underlying mechanism
needs further investigation.

3.4. FWHM Analysis

Wu et al. [7] used full width at half maximum (FWHM) value for the analysis of
isothermal calorimetry results of blended cement pastes. As shown in Figure 9, the heat
flow curve of A0 at 20 °C was taken as an example. According to the method proposed
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by Wu et al. [7,29], by subtracting the maximum heat flow value and the minimum heat
flow value, the Y value is obtained. The width of the heat flow curve at half Y is the
FWHM value. Generally, the heat flow curve obtained by isothermal calorimetry can only
qualitatively describe the influence of different admixtures on the hydration process. The

FWHM value can comprehensively and quantitatively analyze the hydration process of
cement-based materials.

2.5

2.0

1.5 1

1.0 1

0.5 1

Normalized heat flow (mW/g)

0.0

Time (h)
Figure 9. Calculation principle of FWHM value.

The FWHM value and exothermic peak value obtained by two different normalization
methods are shown in Figures 10 and 11. It is interesting that for the heat flow curves
normalized to cement paste and cement, the obtained FWHM values were the same. The
incorporation of FA made the shape of the heat flow curve wider. Figures 10 and 11 show
that under different temperatures and different water-binder ratios, the FWHM value of
cement paste with FA was greater than pure cement paste. When the FA content increased,
the FWHM value obviously improved. At the same temperature and FA content, the FWHM
value decreased slightly with the increase of the water-binder ratio. As the temperature
increased, the hydration reaction progressed faster, so the FWHM value decreased.

HMA

)
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Figure 10. Cont.
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Figure 10. FWHM and exothermic peak values at different temperatures (normalized to paste).

(a) FWHM and exothermic peak values at 10 °C; (b) FWHM and exothermic peak values at 20 °C;
(c) FWHM and exothermic peak values at 35 °C.
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Figure 11. FWHM and exothermic peak values at different temperatures (normalized to cement).

(a) FWHM and exothermic peak values at 10 °C; (b) FWHM and exothermic peak values at 20 °C;
(c) FWHM and exothermic peak values at 35 °C.

According to the results of the Figures 10 and 11, it can be found that the peak heat
flow of the FA-cement paste decreased with the increase of FA content and water-binder
ratio, but the increase of temperature could increase the peak heat flow. Differently to
the FA-cement paste, it can be seen in the heat flow curve that temperature, FA content
and water-binder ratio were proportional to the peak heat flow of cement. The increase
of temperature, FA content and water-binder ratio all led to an increase in the peak heat
flow. Analysis of the relationship between the FWHM values and the peak heat flow
under the two normalization methods showed completely different results. Although the
FWHM values were constant at different temperatures, with the change of FA content and
water-binder ratio, the change of FWHM values was consistent with the change of heat flow
peak normalized to cement. In contrast, the peak value of heat flow from normalization to

paste showed the completely opposite trend.

Wu et al. [7] attributed the difference of the curve to the filling effect of the supplemen-
tary cementitious materials. This effect changes the shape of the heat flow curve during the
deceleration period, which leads to higher FWHM values to the exothermic peak. In fact,



Crystals 2022, 12, 802

14 0f 18

the FWHM values also reflect the comprehensive effect of FA on the acceleration period
and peak heat flow of cement hydration.

Wang et al. [12] proposed that the effects of FA on cement hydration include a dilution
effect, early physical effects and chemical effects. The dilution effect is mainly due to the
addition of FA, which increases the effective water-cement ratio [30]. Narmluk et al. [8]
found that the degree of cement hydration increased with the increase in the replacement
rate of FA, and was more pronounced at high FA content. The physical effect of FA on
cement hydration is reflected in the early retarding of hydration and the provision of
nucleation sites. The surface of FA adsorbs a large amount of CaZ*, so that the decrease of
Ca?* concentration in the solution leads to the retarded nucleation of Ca(OH), (CH) and
generates C-S-H gels with a low Ca/Si ratio [9]. Due to the instability of C-S-H gels with a
low Ca/Si ratio, they transforms into stable C-S-H gels at a slow rate, which prolongs the
end of the induction period (Figure 5a) and hinders cement hydration [8]. The nucleation
effect is the opposite of this retarding effect. By providing additional nucleation sites for
the hydration products [12], the cement pastes mixed with FA will show a higher hydration
rate. Besides this, FA mainly participates in the hydration process of cement through
two chemical reactions, including the consumption of CH crystals through the pozzolanic
reaction, and the consumption of water by FA (C-type) in the hydration reaction [12].
However, at the early age, both of these chemical reactions are extremely weak.

The FWHM values are calculated from the exothermic peak, which includes the
acceleration period and the deceleration period. For the accelerated period of hydration,
dilution and the physical effect are dominant. Due to these two effects, cement hydration
is promoted, and the peak heat flow is increased. In this period, due to the low activity
of FA, the chemical action at the initial stage of acceleration does not show a significant
effect. During the deceleration period, due to the large amount of hydration products
filling the pores, the CMI of FA shows a gentle or even downward trend in the later stage
of hydration (Figure 8). The FWHM value reflects the comprehensive effect of FA on the
acceleration period, deceleration period and peak hydration heat flow of cement, which is a
comprehensive method for evaluating and analyzing the influence of FA on the hydration
kinetics of FA-blended cement paste.

4. Discussion on Hydration Mechanism

There are two main mechanisms for cement hydration: one is the topochemical
reaction mechanism, and the other is the through-solution mechanism. At present, the
mechanism of cement hydration has not yet reached a unified understanding [3,31-33].
The topochemical reaction mechanism proposed that C-S-H gels will be generated and
covered on the surface of cement clinker [34], while the through-solution mechanism
suggests that the C-S-H gels will form through nucleation in the solution, after dissolution
of cement particles [35]. Despite new experimental data, the situation has not changed
much, with both theories having their partisans choosing essentially to highlight their most
apposite arguments. In order to have a further understanding of the hydration process of
cement-based materials with FA, the hydration mechanism is discussed from three periods
(induction period, acceleration period and deceleration period).

4.1. Induction Period

When FA and cement are mixed with water, the cement particles dissolve rapidly and
release various ions in the water. Gartner et al. [32] believed that the supersaturation of
C-S-H gels and CH in the pore solution was essential for their growth. As mentioned
above, the surface of FA adsorbs a large amount of Ca?*, which reduces the concentration
of Ca%*, and the C-S-H gels with a low Ca/Si ratio turn into stable C-S-H gels at a slow
rate [8]. Since it takes more time to reach the critical concentration of C-5-H gels and CH,
the end of the induction period is extended (Figure 5a). At this time, the CMI values of FA
showed a negative value (Figure 8), which indicate FA reduced the hydration heat release
of cement in the period.
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4.2. Acceleration Period

In previous studies, it was generally believed that the nucleation effect of FA can
provide additional nucleation sites for hydration products [36], so that cement has a higher
hydration rate. Therefore, for cement paste mixed with FA, the cement particles should
have a faster hydration rate under the action of the dilution effect and the nucleation
effect. The slope of the heat flow curve during the acceleration period indicates the rate
of hydration of the cement particles. From the normalized heat flow curve of cement in
Figure 6, in the acceleration period, the slope of the heat flow curve of cement paste mixed
with FA was not significantly different from that of pure cement paste. Table 3 shows the
slope of paste heat flow curve in the acceleration period at different temperatures. It can
be found from the table that even with the addition of high-volume FA, the slope of the
heat flow curve did not increase significantly, and only the time of arrival of the exothermic
peak was delayed. It shows that the addition of FA did not accelerate the hydration of
cement particles.

Table 3. Slope of paste heat flow curve in the acceleration period at different temperatures.

Slope
Sample 10 °C 20 °C 35°C
A0 7.23 x 1075 0.30 1.42
A3 751 x 1075 0.30 1.47
A4 7.73 x 1075 0.30 1.33
A5 7.77 x 1075 0.27 1.33
A6 7.56 x 1075 0.26 1.40
A7 712 x 1075 0.26 1.14
BO 6.82 x 107° 0.29 1.52
B3 7.28 x 1075 0.29 1.42
B4 7.62 x 1075 0.26 1.36
B5 7.30 x 1075 0.26 1.21
B6 6.97 x 1075 0.30 1.28
B7 6.99 x 10~° 0.25 1.11
Co 5.84 x 107° 0.28 1.47
C3 6.71 x 105 0.29 1.41
C4 743 x 1075 0.25 1.29
C5 7.23 x 1075 0.26 1.22
C6 6.98 x 107° 0.29 1.16
C7 7.62 x 1075 0.26 1.01

In addition, after increasing the temperature, the cement hydration reaction should
become more intense, so it would produce a higher heat release. However, it was found
from Figure 8 that the absolute value of the CMI was greater after the temperature increased,
which indicates that the hydration heat of the cement paste mixed with FA was smaller
at this time, and the retarding effect of FA on cement hydration was stronger at this time.
In fact, He et al. [37] observed the microscopic morphology of the surface of cement paste
mixed with FA by SEM for 3 days and found that almost no C-5-H gels were found on
the surface of FA at 20 °C. In the process of cement hydration, FA or other particles may
not have the nucleation effect of C-S-H gels formation [37,38]. There is a contradiction
between the experimental phenomena and the through-solution mechanism.

The hydration theory based on topochemical reaction, rather than through-solution
mechanism, seems to be able to explain this process [39,40]. After the hydration of C3S and
other components in cement particles, a semi-permeable gel layer is formed. When the
water molecules diffuse into the gel layer, the gel layer ruptures and the hydration begins
to accelerate as a result of the stress and chemical gradient [33]. Due to the reduction in
cement weight, the hydration stress and chemical gradient are small. For cement paste with
large volume FA, the start of the acceleration period is delayed. When FA replaces cement
in a large volume, FA can play a diluting effect and increase the effective water-binder ratio.
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Therefore, the hydration degree of cement is increased, and the exothermic peak generated
is also increased (Figure 6). Considering the FA cannot serve as nucleation sites for C-S-H
gels, the hydration rate of cement does not increase, and the slope of the heat flow curve
marginally changes during the acceleration period. Due to the delay in the start of the
acceleration period, the arrival time of the exothermic peak is also delayed.

The chemical reaction and diffusion process are sensitive to temperature [8]. At higher
temperatures, the ability of ion migration is enhanced, resulting in the acceleration of
hydration reaction (Figure 6), as well as the rapid consumption of water in the system.
Similarly, the increase in temperature shortens the induction period time and can be
analyzed by the topochemical reaction theory [41]. As the temperature rises, the denser
hydration products are formed earlier around the unhydrated cement particles [27,28],
which has a more obvious hindering effect on cement hydration. Therefore, increasing
temperature accelerates the decrease of CMI value, and the absolute value of CMI also
increases with increasing temperature (Figure 8). At the same time, high temperature
promotes hydration products to overcome their dissolution energy barrier [41], and once a
critical point is reached, the acceleration phase will appear rapidly.

As the mechanisms of cement hydration are still controversial, some researchers
believe that the hydration of mineral admixtures is also a topochemical reaction [31,39,40].
Therefore, further experiments are needed to verify the correctness of the mechanism.

4.3. Deceleration Period

With the extension of hydration time, the hydration products on the surface of cement
or C3S reach a certain thickness, and the diffusion rate of water molecules to the interior
decreases. The hydration product continuously fills in the space previously occupied by
water due to osmotic expansion. Meanwhile, it also fills the pores between the particles. In
the end, a dense solid is formed. In the later stage of the hydration reaction, it is mainly
water molecules and anions/cations that diffuse inward through the hydration product
layer and control the hydration reaction [42]. Since the early hydration of FA is inert, the
hydration products of cement paste with FA are less than that of pure cement paste at the
same time. Therefore, cement paste with FA has more structural space, less resistance to the
diffusion process and easy diffusion of water in C-S5-H gels. Considering that the cement
paste with 60% FA has fewer cement particles, it may cause a weaker ion diffusion process.

5. Conclusions

In this study, the heat release of high-volume FA-cement paste at different tempera-
tures, water-binder ratios and FA contents was tested comprehensively. From the normal-
ized heat flow curve of cement paste and the change of CMI values with temperature, new
evidence was found that FA cannot act as a nucleation site during the hydration process of
cement. The conclusions obtained from the experiments are as follows:

(1) For cement paste with FA, increasing the content of FA and the water-binder
ratio will retard the hydration process of FA-cement paste and reduce the cumulative
heat release.

(2) For the cement particles in the paste, the increase of FA content raises the cement
hydration exothermic peak, delays the arrival times of exothermic peak and increases the
cumulative heat release, but there is no obvious acceleration effect on the cement hydration
rate. Increasing the water-binder ratio reduces the exothermic peak.

(3) As the temperature increases, the hydration reaction proceeds faster. The abso-
lute values of CMI also increase with increasing temperature, which indicates that the
temperature increase intensifies the retarding effect of FA on cement hydration.

(4) FWHM values and CMI values can comprehensively evaluate the influence of
FA on cement hydration. The results of heat normalization to cement and the increase
in CMI values with increasing temperature show that FA may not act as the nucleation
sites for hydration products. The results can be better explained by the topochemical
reaction mechanism.
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