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Abstract!

This study investigated in detail the coupling effects of curing temperatures (5, 20, and
35°C) and additional activators (Na2SOs, Ca(NOz2)2, NaCl, and Na2S203) on Ca(OH)2-
activated granulated blast-furnace slag (GGBFS). The results show that the early strengths,
hydration degree and microstructure of samples depend strongly on the curing temperature
and the nature of activators. Activators influence considerably the initial pore solution
composition and pH value, while low-pH values and high-Ca*" activity suppress the
dissolution of Ca(OH)2 and the reaction of GGBFS. Elevated temperatures mainly accelerate
the hydration of GFBFS in all samples at early age. However, owing to the cross-over effect,
there is a negative effect on the properties of the samples with added sodium salts in the
middle and late stages of hydration. For samples in which Ca(NO2)2 was added, the early
hydration is low owing to the common ion effect, and high temperature plays a facilitating
role instead. Furthermore, the apparent activation energy of GGBFS hydration was also
determined to explain the observation. Results show that the sample in which the additional
activator was added was influenced considerably by the curing temperature, while samples
in which Ca(NO2)2 was added were more sensitive to curing temperature changes.

Keywords: Granulated blast furnace slag, Activation energy, Hydration, Activator, Kinetics

! Abbreviations

LOI Loss on ignition

Ea Apparent activation energy
GGBFS Granulated blast furnace slag
AAS: Alkali activated slag

Con: Control

LEIC: Limiting the equivalent ionic conductance
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1. Introduction

In Japan, the annual cement production from 2010 to 2019 was approximately 59
million metric tons. This large cement production is bound to cause harm to the environment
[1]. To reduce the environmental pollution caused by cement production, an extensively used
method involves the replacement of part of the cement with supplementary cementitious
materials (SCMs) [2-5].

Granulated blast furnace slag (GGBFS) is a latent hydraulic supplementary cementitious
material which is extensively used worldwide [6]. This material is typically used as a partial
replacement of Portland cement. Researchers have found that GGBFS-blended cement has
good mechanical properties and chemical resistance [7]. It can also be used without Portland
cement, normally in alkali activated systems [8—11]. In this situation, activators play an
important role in the hydration process of GGBFS [12-15]. Gebregziabiher et al. [16]
investigated the effect of sodium hydroxide (NaOH) on slag hydration at ambient and high
temperatures. NaOH could produce a more rapid product than sodium silicate-activated
systems at ambient temperature to improve the early strength. Cihangir et al. [17] reported
the effects of water glass solution, NaOH, and sodium carbonate (Na2CO3) on slag hydration,
claiming that the accelerator anions play a decisive role in the strength development of slag.
Kondo et al. [18] reached the same conclusion through a diffusion experiment and discussed
the relationship between limit equivalent ionic conductivity (indicative of the ionic mobility
in solution) and the accelerating effect of different anions; the greater the acceleration of the
hydration is, the higher is the anionic mobility.

Simultaneously, thermodynamic modeling has been used to study the phase assemblage
and chemical composition of alkali-activated slag to investigate the process of slag hydration
[10, 19-22]. Lothenbach et al. [22] used thermodynamic modeling to study different alkali-
activated slag systems; alkali activators mainly influence the Ca/Si ratio of the C-(A)-S-H
and the composition of pore solution. Zuo et al. [21] claimed that although the Na2O content
did not influence the type of reaction products significantly, increased Na>O content
accelerated the reaction degree of slag activated by the NaOH system. For alkali activated
slag (AAS), the pH value in the pore solution plays an important role in the activation process.
Usually, a high-pH value (>13.0) is required to accelerate the dissolution of slag [23].
Currently, the most common activators used in AAS are NaOH and sodium silicate, which
lead to problems, such as toxicity and high costs [24, 25]. Ca(OH)>—a more practical and
less expensive activator—has been demonstrated to have activating efficacy by many
researchers [14, 26, 27]. Regarding the Ca(OH)2 activated slag system, the pH of the pore
solution is approximately 12.5 at ambient curing temperatures. Therefore, additional
activators are always added to accelerate the initial dissolution and hydration of slag to obtain
better mechanical properties at an early age [28—30]. Jeong et al. [14] showed the influence
of four additive activators on the Ca(OH):-activated slag system, and reported that the
additive activator could improve the early strength, although the late strength could not be
improved. Yang et al. [29] studied the effects of Ba(OH): as an additional activator of the
Ca(OH):-activated slag system, and concluded that the addition of 1% Ba(OH)2 can improve
the stabilization of C-(A)-S-H gels in the long term. However, few researchers have
investigated the phase transformations and the corresponding volumetric change of Ca(OH):-
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activated slag under the coupling effect of temperature and activators.

From the perspective of kinetics, Ben Haha et al. [31] concluded through experiments
that the type of alkaline activator has a greater impact on the hydration kinetics, strength
development, and hydration products of slag than the chemical composition of slag itself.
Biernacki et al. [30] investigated the reaction constants and activation energies of various
slag/Ca(OH): ratios at different temperatures, and concluded that the hydration of slag in
cement agrees well with the activation energy of slag in the presence of Ca(OH)2 alone. The
hydration mechanism of slag is quite different from those of cement and cement slag binders;
in particular, the hydration of slag is easily affected by the pH value [32-35]. Li et al. [35]
investigated the effects of temperature and pH on the early hydration rate of alkali-activated
slag, and reported that the activation energy of slag increases as a function of pH.
Additionally, increasing the temperature in a low-pH environment can promote hydration.
Many researchers have shown that the effect of temperature on slag hydration is also
important [36—41]. Yang et al. [40] observed the strength and microstructure development of
alkali-activated slag in low-temperature curing conditions, and reported that although slag
can be hydrated at low temperatures, the hydration degree and strength are low, and the
porosity and macroporosity are increased. Wei et al. [42] also concluded that low-
temperature curing results in the formation of harmful pores. Shumuye et al. [38] found that
high-temperature curing can reduce the early drying shrinkage of alkali-activated slag
concrete and improve the early strength, but the later strength is reduced owing to the
distribution of heterogeneous hydration products. Aziz et al. [43] found that the apparent
porosity of GGBFS-blended cement in high-temperature curing conditions was higher than
that under low-temperature curing. However, few researchers have investigated the effects
of different curing temperatures on Ca(OH):2-activated slag.

In a previous study, we investigated the effects of activators, such as sodium sulfate
(Na2S04) and calcium nitrate (Ca(NOz2)2) on Ca(OH)z-activated GGBFS at low temperatures
[44]. At low temperatures, the hydration degree of GGBFS slows down, and the pore
structure of the GGBFS after hydration cannot be effectively improved, which restricts the
development of compressive strength. Specifically, the added Ca(NOz2): increases the
calcium concentration in the system, which contains abundant soluble Ca(OH)2 quantities,
and results in a pH reduction owing to the suppression of Ca(OH)2 by the common ion effect
of calcium. However, the effect of activators on GGBFS hydration in high-temperature
curing conditions has not been investigated. The additional activators used in this study were
Na2SO04, Ca(NO2)2, and NaCl, which are based on previous studies [44, 45]. In addition,
recently, some studies have demonstrated that the effect of sodium sulfate in improving the
cement hydration process is stronger than that of sodium thiosulfate (Na2S203) at the same
content [46, 47]. The effect on GGBFS hydration has not been investigated. Therefore,
Na2S20s is also investigated in this study to form a control group with Na2SOs subject to the
condition that the content of Na20O is maintained the same. The main aim of this study was
to investigate the influence mechanism of inorganic activators on Ca(OH)z-activated GGBFS
at different temperatures, the influence of inorganic salts on the reaction rate of GGBFS, the
phase transformation of GGBFS hydration products, microstructural changes at different
temperatures, and changes in porosity through a thermodynamic model.
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2. Experimental
2.1.Materials and mix proportion

GGBFS (density:2.91 g/cm?®, specific surface area:3850 cm?*/g) and calcium hydroxide
(density: 2.24 g/cm?) used were the same as those used in previous research studies [44]. The
chemical compositions and physical properties are listed in Table 1. The particle size
distribution of raw materials is shown in Fig. 1. Fig. 2 shows the X-ray diffraction analysis
of GGBFS, which suggests that the GGBFS is mainly composed of an amorphous phase. The
activators were prepared by dissolving analytical-grade Na>SO4, Ca(NO2)2, NaCl, and
Na2S203 inorganic salts, which show remarkable promotion effects at the appropriate doses
[44, 45, 48, 49] (in deionized water at a dose of 0.1 mol/kg). Table 2 lists the compositions
of the pastes. For mortar, the binder/sand ratio was 1:3. The others were the same as the paste.
To mix the mortar, the dry GGBFS, Ca(OH)2 powder, and sand were first poured into the
bowl for low-speed mixing for 30 s; the pre-prepared solution was then poured for low-speed
mixing for 90 s; this was then paused for 30 s. During this period, a trowel was used to scrape
down the binders on the edge and mixing blades to maintain homogeneity. Finally, the
mixture was mixed at a high speed for 2 min. The process of mixing the paste was the same
as that for the mixing of mortar, except that no sand was used. The mortar was cast into a
cylinder (diameter: 50 mm, length: 100 mm), and the paste was cast into a plastic cylinder
(50-mm diameter and 50-mm length). The samples were sealed with a plastic film to
minimize the carbonation and moisture exchange with air. Subsequently, the samples were
placed in standard curing chambers at 5, 20, and 35°C until the measuring ages of 3, 7, and
28 days. The mortar samples were used for the mechanical tests, and the pastes were used
for microstructural analysis. At the corresponding curing age, the solvent exchange method
was used to stop hydration of samples. The pastes were crushed into smaller specimens using
a hammer, and then immersed in acetone for 2 h. The specimens were then surrounded by a
carbon dioxide absorbent (YABASHI Lime-f) and stored in a curing chamber at a constant
temperature of 40°C for 1 day to dry. Before testing, all the specimens were stored in vacuum
bags. For X-ray diffraction (XRD), selective dissolution, and NMR tests, the specimens were
ground into powder using a ball mill. The powder was prepared by grinding in a planetary
ball mill at 200 revolutions per minute (rpm) for 6 min. The powder was milled further in an
agate mortar and the particle size was less than 300 pm.
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163  Table 1
164  Chemical composition of granulated blast furnace slag (GGBFS) and calcium hydroxide

Chemical composition (mass%)

CaO SiO2 AlOs MgO SOs FexOs TiO2 NaxO K20 MnO Others

GGBES 41.8 33.8 133 72 0.7 0.7 05 04 03 02 0.1
Calcium  Ca(OH)2 CaCOs Others
hydroxide 97.5 1.0 1.5

165  Table 2

166  Mix proportions of pastes
ldentity ~GGBFS Ca(OH),  vater/Ca(OHp - o Accelerator
(ID) (wWt%)  (wWt%) GGBFS  binder temperature (Wt of

& ratio binder)

Con /
NaZSO4 [374<Tatk] 113 o 1~42%
Ca(NO2)2 80 20 0.55 “§SSC” 20°C 1.5%
NaCl 0.585%
NaxS203 1.58%

167  Abbreviations for notation: Con, control group.

168

169  2.2.Testing methods

170  2.2.1. Compressive strength

171 The compressive strength was measured at 3, 7, and 28 days in samples demolded on

172 the same day using an automatic testing machine (Hi-ACTIS-2000). The average value of
173 the three mortars was reported as the compressive strength.

174  2.2.2. X-ray diffraction

175 Powder X-ray diffraction (XRD, MultiFlex Rigaku Co., Ltd., Tokyo, Japan) was used
176  to investigate the crystal phases. The measurements were conducted using Cu-Ka radiation
177 at 40 kV and 40 mA. We added 20% a-Al203 in the samples, which was used as an internal
178  standard. All the samples were scanned in the range of 5-70° (26)at 0.02° steps, and with a
179  scan speed of 2°/min.

180  2.2.3. Solid state nuclear magnetic resonance (NMR)

181 2Si DD MAS-NMR spectra (119.26 MHz) and ’ Al MAS-NMR (156.41 MHz) spectra
182  were collected on a solid-state NMR spectrometer (AVANCE II600WB) to study the
183  polymerization of the hydration products. The spinning rate was 12 kHz, and the repetition
184  delays were 20 and 5 s, respectively.

185  2.2.4. Isothermal calorimetry
186 Isothermal calorimetric tests were conducted using a MMC-5116 (Tokyo Riko)
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instrument set at 5, 20, and 35°C. Approximately 20 g of binder was mixed outside the
machine for 5 min in a 100 mL ampoule. The samples were then placed in a calorimeter.
Because of the temperature difference inside and outside the chamber, measurements during
the initial hour were omitted [50].

2.2.5. Loss on ignition (LOI)

Around 1.0 g specimen was dried in a 105°C constant chamber for 1 day to determine
the moisture content. The dried specimen was then heated in air at 700°C for 2 h to obtain
the LOI, as above 700°C, S* will be oxidized to sulfate to increase the mass [51]. The
calculation formula is as follows,

m o —m o
LOI = 105°C 700°C (1)

M700°c

where m,yso¢ 1s the mass of the specimen at 105°C, and m ¢ is the mass of the specimen
at 700°C.

2.2.6. Selective dissolution

The reaction degree of GGBFS was determined by the selective dissolution. The
technique adheres to that proposed by Villagran—Zaccardi [52]. In brief, 250 mL of
triethanolamine and 93 g of ethylenediaminetetraacetic acid (EDTA) were dissolved in 500
mL distilled water, and 173 mL diethylamine was added and diluted to 1 L. The powder and
filter papers (diameter: 4.5 um) were dried in an oven at 105°C oven for 1 h before the test.
Subsequently, 0.5 + 0.02 g powder was mixed with 50 mL of the solution in a beaker and
then diluted to 800 mL. The solution was stirred continuously at 300 ppm for 2 h. The residue
was dried in an oven for 1 h. Finally, the weight of each residue was calculated. Before the
test, the dissolution of raw GGBFS was conducted to determine the undissolved proportion
of the material; approximately 94.5 + 1 wt% remained, which was within an acceptable range
[52]. This result was used to correct some errors caused by the dissolution of GGBFS.
Because the hydrotalcite-like phase generated during the hydration period could not be
dissolved by EDTA solution, assuming that all the MgO was converted into a hydrotalcite-
like phase, the mass of this phase was calculated at a mass ratio of 1:2.35 [53]. The reaction
degree (a) of the GGBFS was calculated using Lumley’s formula [54],

100fR, — Ry,

~ 100/R, — 2.35f My 40 2)

a

where f'is the mass fraction of raw GGBFS in the dry binder, R, is the mass fraction of

GGBFS undissolved in EDTA solution, R}, is the mass fraction of the paste’ s residue in
g/100 g anhydrous binder, and My 4, is the MgO content in GGBFS.

Dried paste (100 g) was then converted to anhydrous binder using the following formula [52],

_ Maried paste
Manhydrous = 1—L0] (3)

2.2.7. Mercury intrusion porosimetry (MIP)
The pore-size distribution and porosity of pastes was analyzed by MIP. Approximately
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1 g of the crushed paste specimen was used for MIP (Micromeritics Auto Pore V 9600). The
pressure was up to 61,000 psia to measure the porosity, and the contact angle was 130°.

2.2.8. pH of pore solution

Before the specific age (1, 3, 6, 9, 12, 15, and 18 h), the samples were stirred every 30
min to avoid the influence of bleeding on the experimental results. The pore solution cured
at a specific age was extracted by centrifugation (KUBOTA 3700) at 4000 rpm for 60 s. The
obtained solutions were used for pH and concentration analysis.

2.2.9. Composition of pore solution

The collected solutions were filtered with a 5 mL medical injection device and stored at
5°C before testing. To investigate the influence of temperature and inorganic salts on the
early stages of hydration, the filtered pore solutions at 1, 3, 6,9, 12, 15, and 18 h were diluted
50-fold in the controls (Con) and 500-fold in the other samples with 2% HNO3. ICS-90 ion
chromatography (DIONEX, Sunnyvale, CA, USA) was used to determine the concentrations
of Na* and Ca*" in a cica-reagent cation mixed standard solution (07197-96, Kanto Chemical
Co. Inc.).

2.2.10. Thermodynamic modeling

Thermodynamic modeling was performed using the Gibbs free energy minimization
software GEMS with the CEMDATA 18 database and the CNASH ss model [10]. The
effects of inorganic salts on the phase transformation of the GGBFS were simulated in this
program based on the hydration degree calculated by selective dissolution.

3. Results and discussion
3.1.Compressive strength

The results of the compressive strengths at 3, 7, and 28 days are presented in Fig. 3. The
results indicated that the early age strength was promoted considerably following curing
temperature increases. Compared with Con, almost all activators can increase the
compressive strength at 3 days, irrespective of the curing temperature. At 7 days, except for
the samples cured at 35°C, the strength cured at 5 and 20°C increased to some extent
compared with that of Con. At 35°C, except for Ca(NO2)2, the strengths of all the samples
with added activators were almost the same and lower than that of Con. At 28 days, except
for the samples cured at 5°C, the strength of Con surpassed those of all other samples at the
corresponding temperature. In particular, for the samples cured at 35°C, the strength of the
same sample cured at 35°C was the highest before the age of 28 days, but at the age of 28
days, the strength of the same sample cured at 35°C was considerably lower than that of the
sample cured at 20°C, which is similar to the results reported by other researchers [33, 43,
55, 56]. Many researchers call this phenomenon the crossover effect [57-59]. High
temperatures promoted the decomposition of GGBFS, and resulted in the formation of more
rapid products, especially the formation of C-(A)-S-H products, which filled the pores and
enhanced the early strength. However, the thick shell of this gel seriously hindered the
dissolution of the GGBFS, and led to the slow development of strength in the later stage.
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Fig. 3. Compressive strength of mortars at 3, 7, and 28 days. Curing at (a) 5°C, (b) 20°C, and
(c) 35°C (Con: control).

Overall, the activators used in this study can effectively promote the early strength of
GGBFS, especially at 20°C. Ca(NOz2)2 showed excellent performance in strength
development in the middle and late stages. The effect of NaCl on the compressive strength
was the smallest compared with that of the other three activators, irrespective of the curing
temperature and age. Na2SO4 and Na2S203 showed evident and similar promoting effects on
compressive strength in the early stage, irrespective of the curing temperature. This proves
that the anion of the activator plays a decisive role in the strength development of GGBFS,
which will be further discussed in Section 4.2. Activators undoubtedly promoted the
decomposition of GGBFS at an early stage, but the hydration products differed according to
the different anions of the activators. This affected the development of strength to a certain

extent. The next section will discuss further the hydrates transformation by XRD.

3.2 X-ray diffraction

The XRD patterns of the pastes at a curing age of 3 days are shown in Fig. 4. Evidently,
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the temperature only changed the amount of hydration products but did not change the
category of hydration products. Consistent with previous studies [ 14, 17], the results showed
that C-A-S-H, calcium monosulfoaluminate (AFm), and hydrotalcite were the main
hydration products in all Ca(OH):-activated GGBFS pastes. The AFm-type phases were
determined by the accelerator type. In the Con group, OH-AFm was observed at 11.30° [60].
NO2-AFm was detected at 11.08° in Ca(NO2)2 [61, 62]. Friedel’s salts at approximately 10.94°
[61-64] were observed in NaCl, and the formation was always intensive, irrespective of the
curing temperature. In Na2SO4, SO4-AFm and ettringite (AFt) were detected at an early age.
In Na2S203, both AFt and the U-phase (4Ca0-0.9A1203-1.1S03-0.5Na20-16H20), a phase
containing Na ions, were observed at approximately 8.5° [65, 66] at three different curing
temperatures [67]. Li et al. [68] argued that the U-phase can only be formed in highly alkaline
conditions in the presence of sulfate and alumina. In this study, GGBFS was the only source
of alumina, which showed that Na2S203 promoted considerably the dissolution of GGBFS,
even in a low-temperature curing environment. In addition, a considerable amount of U-
phase transferred to ettringite in this study, even at the age of 28 days (see Fig. S1), this may
be related to the reversible conversion process between U-phase and AFt, which will be
further discussed in section 4.3.

The results of the XRD patterns suggest that activators can effectively promote the
dissolution of GGBFS at an early age. Compared with Con, the main hydration products
produced in large quantities provide support for strength, which is consistent with the
compressive strength results.
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303
304  3.3.Solid state NMR

305 Because GGBFS was the only source of Si and Al in this study, all curves were normalized
306 by dividing the integrated area of the GGBFS curve. In a previous study, with the exception
307 of NaCl and Na2S20s3, the results of the other samples cured at 5 and 20°C were investigated
308  (S2). This section mainly focuses on the samples cured at 35°C at the initial stage. The
309  experimental results at 3 days of the NMR spectra are shown in Fig. 5. The 2’ Al NMR spectra
310 ranging from -20 to 100 parts per million (ppm) of raw GGBFS and samples cured for 3 days
311 at 35°C are shown in Fig. 5a. A broad peak ranging from 20 to 90 ppm, centered at
312 approximately 64 ppm, was observed in the raw GGBFS spectrum. Two obvious peaks at
313  approximately 9.5—regarded as AFm or hydrotalcite [69] —and at 4.7 ppm—regarded as
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amorphous or third aluminate hydrate [70]—were observed in the spectra of all samples.
These peaks were also observed in the spectra of cement GGBFS binders [49, 71]. As shown
by the spectra, the integral areas of the curves of all samples in the range of 40-80 ppm were
approximately the same, and Con was slightly higher. Therefore, through the peak area of
the aluminate hydrate in the range of 2—14 ppm, the hydration degree can be analyzed
qualitatively even without deconvolution. Obviously, the AFm peak intensity of the samples
with added activators was stronger than that of the control, which means that the activators
promoted the dissolution of GGBFS. No peak related to AFt was observed around 13 ppm in
the spectra of the samples cured at 35°C, even for NaxS203 and Na2SO4 which contained
more sulfur, which is quite different from the samples cured at 5 and 20°C. In a previous
study [44], it was confirmed by XRD (S3) that AFt existed in the early stage of Na2SOa, but
only SO4-AFm remained in the later stage, thus indicating that a high-curing temperature
promotes the hydration of the binder and promotes phase transformation because AFt is
sensitive to higher temperatures [8, 9].
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Fig. 5. NMR spectra at of samples cured for 3 days at 35°C (a) 2’Al MAS-NMR and (b) Si

MAS-NMR.

Fig. 5b shows the Si NMR spectra of samples cured for 3 days at 35°C, which was used to
investigate the coordination of Al in C-(A)-S-H and the substitution of Si by Al. The peaks
at approximately -74, -78.9, -80.9, and -84.0, were assigned to Q% Q!, Q*(1Al), and Q?,
respectively [70, 72]. Compared with the samples cured at 5 and 20°C, the chemical shift is
obvious, which means that high curing temperature effectively promotes the hydration of
GGBEFS at an early age. The influence of curing temperature and additional activators in the
GGBEFS reaction will be discussed further in the next section.

3.4.Isothermal calorimetry

Because of the temperature difference inside and outside the calorimeter chamber, the
measurements of the initial hour were omitted. Fig. 6 shows the calorimetric curves of the
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343 Fig. 6. Calorimetric curves of pastes: (a) heat flow at 5°C, (b) cumulative heat at 5°C; (c) heat
344 flow at 20°C, (d) cumulative heat at 20°C, (e) heat flow at 35°C and (f) cumulative heat at 35°C.
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With the exception of NaxSOs4, at 5°C, no evident peak appeared (Fig. 6a), and the
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difference between cumulative heat was small (Fig. 6b). At 20 and 35°C, the cumulative heat
values of samples with added activators was higher than that of Con at an early age, especially
Na2SOs4, which yielded the highest value (Fig. 6d and Fig. 6f), consistent with the early-
strength observations.

At 20°C, a wide exothermic peak appeared in the Con group at approximately 9 h; all
samples with added activators yielded two exothermic peaks corresponding to the formation
of hydration products after the initial 3 h. This is because Con cannot provide additional
anions. Thus, the main hydration product in the early stage is OH-AFm and the peak shape
of the samples, except Con, depends on the type of accelerator, which is consistent with the
XRD results (see Fig. 18). With the exception for Na2SO4, the main peak of the other samples
appeared later than that of the Con (Fig. 6¢). In alkali activated GGBFS systems, activators
could accelerate the dissolution of GGBFS. However, depending on the types of activators,
the dissolution of Ca(OH)2 may be retarded [8, 9], which will be further discussed in section
4.3.

At 35°C, the primary peak of all samples was earlier than that of samples cured at 20°C,
and the samples with added activators were earlier than those of the Con samples; an obvious
phenomenon is that the peak shapes of the curves of all samples changed, and the heat release
was more concentrated than that at 20°C; the bulk of the heat evolution subsided within 20
h, which showed that high temperature promoted the consumption of Al in the form of AFm,
and accelerated the dissolution of GGBFS; this resulted in more rapid hydration (Fig. 6e).

Fig. 7 shows the cumulative curve comparison of pastes cured at 20 °C and 35°C. At
the initial stage, the cumulative heat of the pastes cured at 35°C was larger than that at 20°C.
This means that the high temperature provided more energy necessary to overcome the
barriers to continue hydration, and the cumulative heat flow for the different activators
indicates more heat evolved and a higher hydration degree (Fig. 8). However, after 72 h, with
the exception for Con and Ca(NOz2)z, the situation reversed. The noteworthy point is that at
120 h, several samples completed the heat accumulation processes. According to the analysis
of section 4, excess Ca?" in Ca(NOz): leads to an increase in Ca** concentration and reduces
the pH value of the pore solution, thus resulting in an impediment to the dissolution and
reaction of the GGBFS at an early age. With the development of hydration, the Ca*" in
calcium nitrite are gradually consumed and the hydration rate of the GGBFS is enhanced,
thus resulting in more cumulative heat approximately equal or even exceeding those of the
other samples, especially at high-curing temperature.
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Fig. 7. Comparison of cumulative heat release of pastes cured at 20 and 35°C.

3.5.Reaction degree of GGBFS by selective dissolution

The reaction degree of GGBFS was calculated according to Egs. (2) and (3). The results

of the LOI are provided in the Supplementary Information (Table S1). Fig. 8 shows the
reaction degree of the GGBFS and the relationship between the reaction degree of GGBFS
and compressive strength. Regardless of the curing temperature, the hydration degree of all
samples with added activators was higher than that of Con, especially at 3 days; this means
that the activators effectively promoted the reaction of GGBFS at the initial stage. Evidently,
with the increase in curing temperature, the reaction degree of GGBEFS also increased. The
GGBFS reaction degree of Con cured at 5°C was always the lowest. At 20 and 35°C, the
difference between the reaction degree of the same sample cured at 20 and 35°C was very
small at 7 and 28 days, which was consistent with the development of strength, as shown in
Fig. 8d. However, in the later stage of hydration, the hydration degree of some samples with
added activators was not very consistent with the development trend of strength, especially
for the samples cured at high temperature. This shows that in addition to the hydration degree,
many factors influence the development of strength in the later stage of GGBFS.
Activators can effectively promote the hydration degree of GGBFS at the initial stage,
irrespective of the curing temperature, which is consistent with the development of
compressive strength. Other influencing factors need to be considered when the hydration
reaches a certain degree. For this reason, the next section will discuss the changes in
microstructure from a microstructural point-of-view induced by the curing temperature and
additional activators, and the effects on strength.
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3.6.MIP

Fig. 9(a) shows the pore-size distribution of pastes at 3 and 28 days cured at 20 and
35°C. In a previous study, the effects of low curing temperature (5 °C) on the pore-size
distribution were investigated, as shown in Fig. S4 [44]. Evident differences can be observed
in the pore-size distribution curves. After 3 days of hydration, the shapes of all the curves
were differentiated into two distinctly different curves wherein the right peak (at ~800 nm)
indicates the critical radii at which maximal intrusion of the connected porosity first occurs
[73]. The critical peak is smaller in the presence of additional activators, especially in
Na2S203, wherein the peak shifts to 250 nm. Compared with the curing at 20°C, the critical
radii of samples cured at 35°C are smaller, which indicates that at an early age, activators
and higher curing temperature promote the hydration of GGBFS and make the pores finer at
an early age. However, at 28 days, the critical radii of all the samples added with activators
cured at 35°C were larger than those of the samples cured at 20°C (Fig. 9(d)); the critical
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radii reduced considerably, which may indicate that the higher curing temperature cannot
effectively refine the pore size at a later age.
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Fig. 9. MIP results of pastes. Pore size distributions of (a) pastes cured for 3 days at 20°C,
(b) pastes curd for 28 days cured at 35°C, (c) pastes cured for 3 days at 35°C, and (d) pastes
cured for 28 days at 35°C.

Generally, capillary pores and gel pores are defined based on the magnitude of the effect
on strength development and permeability. In this study, a pore radius of 10 nm was selected
to divide capillary pores and gel pores [74,75]. The total porosity and capillary porosity are
shown in Fig. 10. Evidently, the total porosity decreases, and the gel pore percentage in total
pore volume increases from 3 to 28 days at 5 and 20°C, thus indicating the formation of a
denser matrix with a refined pore structure. At 3 days, the reaction rate of GGBFS was
accelerated as a function of the curing temperature (Fig. 8). Following the formation pf
reaction products, the microstructure appeared to be refined. For the samples cured at 35 °C,
the total porosity was already comparable to that cured at 5 and 20 °C at 28 days. However,
the volumes of the capillary pores in the samples which contained activators were larger than
that of the control group at a later age, especially at higher curing temperatures. This indicates
the tendency of reduction in the refining of the capillary porosity. This agrees with the result
of compressive strength shown in Fig. 3.
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444  Fig. 10. Total and capillary porosities of pastes at different curing temperatures.

445

446 A comparison of the capillary porosity as a function of compressive strength is presented
447  inFig. 11. The plots of the capillary porosity and measured compressive strength show good
448  agreement. Compressive strength is closely related to the capillary porosity at the early stage.
449  An interesting phenomenon pertains to the fact that this correlation not only decreases as a
450  function of the curing time, but also gradually worsens as a function of the curing temperature,
451  especially at a curing temperature of 35°C; this irregular relationship began at the 3 days of
452  curing, and may be related to the shell formation at the surface of the unreacted GGBFS
453  caused by early hydrates. With regard to 28 days, the research of Briki et al. [76] showed that
454  at the later stages of hydration, the reaction of GGBFS was related to the limiting pore size
455  suitable for C-S-H growth and to the concentration of the solution in the pores. Hydrates can
456  only grow in water-filled pores. In the cases of capillary pores, the water was consumed by
457  hydration and contained vapor or stayed empty. Although the total porosity decreased at the
458 late stage with the development of hydration, and the percentage of gel pore gradually
459 increased, the small pores filled with the solution slowed down the reaction rate of the
460  GGBFS because an increasing curvature is needed for the gel pore to grow into smaller pores;
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therefore, in the later stage of hydration, the porosity cannot fully reflect the hydration degree
of GGBFS and the strength of the paste. In the future, further investigations of the relative
humidity will be conducted to provide acomprehensive explanation of this influence.
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4. Effects of curing temperature and activators on the initial hydration process of

GGBFS

As discussed in the previous sections, although some slight differences exist in the
development of reaction degree and microstructure at late ages, the influence of this
difference is limited. However, the various properties of GGBFS at the early age are affected
more significantly. Thus, the mechanism of the effect of the curing temperature with the use
of additional activators needs to be studied further.

4.1.Thermodynamic modeling

The phase assemblage of pastes cured at 20°C (5 and 35°C in Fig. S5 and Fig. S6) was
calculated based on the results of selective dissolution, and is plotted in Fig. 12. Because
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there is no U-phase information in the database, it is difficult to simulate the phase changes
with this model, but the amount of U-phase is very small (Fig. 4). This has a minor impact
on the subsequent calculation of porosity. Compared with Con, other samples produced more
hydration products, especially C-S-H, which provided a lot of support for the early strength.
These outcomes are consistent with the XRD results shown in section 3.2. Straetlingite was
formed in the simulation but it was not observed in XRD. This may be because the amount
of Straetlingite was too small or may relate to the kinetic limitations.
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Fig. 12. Phase assemblage of pastes cured at 20°C: (a) Con, (b) Na2SOs4, (c) Ca(NO2)2, (d)
NaCl, and (e) Na2S20s.

The early reaction of GGBFS was easily affected by pH and Ca*" activity. In this study, the
amount of Ca(OH)2 was very high, and there was still a large amount of portlandite
precipitation even in the late hydration stage. It is necessary to consider Ca*" activity because
it plays an important role during the dissolution of GGBFS. Ca" activity was calculated
according to the correction of concentrations,

{Ca?*} = [Ca?*] - Y gqer @

where {Ca?*} is the activity of Ca®", [Ca?*] is the concentration of Ca®’, and y 42+ is the
activity coefficient of Ca*".

The activity coefficient is calculated using the extended Debye—Hueckel equation [77]:

—AZ%\1
108y 2+ = Trpayi T2 )

where z is the charge of the aqueous solution, 4 and B are temperature- and pressure-
dependent coefficients, and 7 is the molar ionic strength. The calculated Ca*" activity was
based on the application of a logarithm for comparison purposes. The results are presented
in Fig. 13. In the activities of Con and Ca(NOz)2, Ca*" was higher than other samples at low-
temperature curing conditions. From one viewpoint, this may be attributed to the fact that the
mobility of ions was reduced at low temperature, the additional amount of Ca?" in Ca(NO2)2
increased the concentration of Ca*, and the dissolution of GGBFS may have been inhibited.
In a previous study [44], the hindrance of GGBFS hydration at an early age owing to the
influence of low-ionic mobility and common-ion effect at low-curing temperature was
observed by ??Al NMR (Fig. S2). The calculated activity of Ca?>" was consistent with the
results of a previous study. In addition, the activity of Ca®" as a function of the curing
temperature and age, especially for the samples with added sodium salt, because sodium ions
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enhance the alkalinity of the solution. Fu et al. [23] considered the relationship between Ca>*
activity and pH in the GGBFS cement binder system with added Na>SO4. They found that in
this system, the OH" activity was controlled by the Ca®" activity through the solubility limit
of portlandite. Therefore, in the samples with added sodium salts, the activity of Ca®"
decreased owing to the increase in the early pH, and the high temperature curing further
reduced the solubility of portlandite; this aggravated the decrease in Ca®" activity and
promoted the dissolution of GGBFS.
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Fig. 13. Simulated activity of Ca?" of pastes cured at different temperatures: Samples cured

at (a) 5°C, (b) 20°C, and (c) 35°C.

4.2 Kinetics of GGBFS hydration

To characterize further the influence of the curing temperature on the GGBFS reaction. The
apparent activation energy (Ea) was described by the Arrhenius equation [30, 35]:

a = Ae Fa/RT (6)

where « is the reaction degree of the GGBFS, 4 is the pre-exponential factor, R is the gas
constant (8.314 J/mol/K), and T is the absolute temperature. Fig. 14 and Table 3 show the Ea
values. The scale of activation energy found for the Ca(OH):-activated GGBFS system
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ranges from 3.97 to 37.51 kJ/mol. A good linear correlation was found at an early age as
shown in Fig. 14, which indicates that the Arrhenius equation is suitable for studying the
influence of temperature and activators on GGBFS hydration at an early age. As listed in
Table 3, the linear correlation between the curing temperature and the degree of hydration,
especially at 7 days, may be related to the limited hydration degree caused by the high curing
temperature (Fig. 8). At 3days, there was a positive linear correlation between In a and 1/T
found in all samples, indicating that the hydration degree increased with the increase in curing
temperature, which is consistent with the results of the hydration degree observed in Section
3.5. In addition, the greater the value of Ea is, the more sensitive the reaction degree of
GGBEFS is to the change in the curing temperature. Combined with the results listed in Table
3, the hydrations of Con and Ca(NO2)2 samples are considerably influenced by the curing
temperature. This means that the high-curing temperature promotes the hydration of Con and
Ca(NO2)2. In the cases of the other samples, the promoting effect of high temperature is not
obvious owing to the promoting effect of the accelerator itself, and side effects may even
appear. This is consistent with the results of Ca>" activity and may explain why the tendency
of hydration degree and compressive strength is quite different at late ages, and the decrease
in the rate of increase of the hydration degree. Li et al. [33] observed the “shell forming”
phenomenon of GGBFS hydration activated by NaOH in a high pH and temperature
environment based on SEM, which corresponds to the increase in Ea at increasing curing
temperatures, and inhibits the hydration of GGBFS enriched with the addition of sodium salts.
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Fig. 14. Arrhenius plot of pastes cured at (a) 3 days, (b) 7 days, and (c) 28 days (note the
different scale of the y-axis).

Sections 3.1 and 4.1 show that the anion of the accelerator plays a decisive role in the strength
development of GGBFS. In a previous study, the relationship between the compressive
strength and the category of the anion of the accelerator was elaborated by limiting the
equivalent ionic conductance (LEIC), which indicates ionic mobility in a solution [44]. The
relationship between the LEIC and Ea is shown in Fig. 15. A good linear relationship was
observed at 3 days after NaCl was excluded, thus implying that at early hydration, the higher
the mobility of the anion in the solution is, the greater is the influence on the GGBFS
hydration, whereas on 7 days, the trend was exactly the opposite. This may be related to the
high-temperature curing, which caused the more rapid early hydrates and inhibited the
reaction of GGBFS; the stronger the anion mobility of the accelerator is, the more obvious
the inhibitory effect becomes; this finding is consistent with the results of Kondo et al. [15].
A weak correlation was observed at 28 days. This indicates that LEIC contributes to the initial
strength development according to its influence on Ea.
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575 Table 3

576  Apparent activation energy of pastes enriched with the addition of different activators

Curing age Sample Ea (kJ/mol) R?
Con 37.51 0.92
Nax2SO4 19.10 0.96

3 days Ca(NO2)2 19.46 0.94
NaCl 14.89 0.99
Na2S203 13.40 0.79
Con 23.37 0.78
Naz2S04 9.38 0.93

7 days
Ca(NO2)2 6.78 0.70

NaCl 10.18 0.99
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Na2S203 13.54 0.77
Con 13.86 0.93
Na2S04 9.61 0.95
28 days Ca(NO2)2 3.97 0.89
NaCl 11.13 0.97
Na2S203 5.82 0.89

4.3.Early-stage reaction of GGBF'S up to 24h
(1) Effect of activators on solid and liquid phase in Ca(OH):2 activated GGBFS system

The results of the above section show that the accelerator can effectively promote the early
strength of GGBFS, especially at 20°C. The Ca(OH): activated the GGBFS system, which is
quite different from the GGBFS cement system, and hydrated faster at 1 day [78]. To
illustrate further the mechanism and understand what caused the promotion of GGBFS
hydration, the pH value of the pore solution of samples cured at 20°C for 24 h was measured.
Sodium salts increased the pH value of the pore solution at an early age (Fig. 16), while the
hydration of GGBFS in cement binder or alkali-activated environment is dependent on the
pH value [23, 72, 75, 78, 79]. Sodium salts effectively improved the pH value to promote the
hydration of the GGBFS. In addition, the tendency of pH change is quite similar to the
calorimetric curves; this indicates that pH affects the hydration of GGBFS in the Ca(OH)2-
activated system. However, the problem is what caused the pH increase in the pastes with
added sodium salts.
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Fig. 16. Plots of pH values of pastes cured at 20°C from 1 h to 24 h.

Naz2S0s4 it mainly increases the pH value and promotes GGBFS dissolution by synergistic
reaction, as shown in the following formula [80]:

Na,S0, + Ca(OH), + 2H,0 > CaS0,.2H,0 | +2Na* + 20H~ 7)

In the case of NaCl, it is reported that the formation of Friedel’s salt will not change the pH
value because this reaction only involves the ion exchange between Cl" and SO4> or CO3*
[64]. NaCl increased the pH value due to the reaction between NaCl and Ca(OH)2, which is
in excess in this system. The formed NaOH will increase the pH value.

Regarding the NaxS20s3, an initial high pH value in the pore solution may benefit from the
fact that Na* can hardly react chemically, which needs OH™ to ensure charge neutrality. The
high-pH value converts AFt to the U-phase and ensures the stability of the U-phase [65],
which will cause a decline in the proportion of Na" and reduce the pH value. The lowered
pH reverses the conversion above and leads to the co-existence of the U-phase and AFt as
described above [65]:

C,AS;H3, — U phase(— C,AH,3) — C,ASH;, — C,AS;H, (8)
This process makes the pH a little bit lower than that of Na2SO4 but higher than other
activators. The result of ion chromatography also favors this conclusion. Ion chromatography
was used to measure the Na* and Ca** of Con, Na2SO4, Ca(NO2)2, and Na>S>03 cured at 20°C
for 18 h. Fig. 17(a) shows the Na* changes and compares the concentrations of Na2SO4 and
Na2S203, confirming that sufficient Na* remained in the pore solution, which required OH
to ensure charge neutrality. Fig. 17(b) shows the Ca** concentration changes at 20°C during
the initial 18 h. The Ca*" concentration in Ca(NO2): is relatively higher than that of other
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samples. Fig. 18 confirms that a certain amount of portlandite precipitation is produced
during early hydration, which is why the pH value of Ca(NO2): is quite low at the initial
stage, eventhough some Ca?" is consumed in the form of AFm, which means that high Ca*"
may inhibit the dissolution of Ca(OH)2, inhibit the hydration of GGBFS, and may be related
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Fig. 17. Tonic concentrations of pastes as a function of time cured at 20°C: (a) Na" and (b)
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627  (2) Mechanisms of the activators on the Ca(OH):-activated GGBFS at an early age

628  Finally, the mechanisms of the activators on the Ca(OH):-activated GGBFS at an early age
629  are shown in Fig. 19. In contrast to other systems, both the anions and cations of activators
630  added to the Ca(OH)z-activated GGBFS system play an important role.

'
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632  Fig. 19. Schematic coupling effects of curing temperature and activators on the hydration of
633  GGBFS at an early age.

634

635  NaCl and NaxS203 increased the initial pH value because of the high-ionic mobility (as the
636  LEIC increases, the ionic mobility decreases), and produced the AFm phase, which
637  consumesd some Ca** to decrease the Ca*" activity and produce some Na® residual, which
638 needed OH to ensure charge neutrality.

639  The added Na2SO4, which also had high-ionic mobility, reacted with portlandite to form
640  gypsum and NaOH; this promoted the formation of AFt and increased the pH value. The
641  higher pH value promoted the hydrolysis of the Si-O band in GGBFS, which helped the
642  dissolution of GGBFS and led to the formation of more C-(A)-S-H. These AFm phases and
643  C-(A)-S-H provide strength at an early age.

644  In the case of Ca(NOz)2, which has a relatively low-ionic mobility, the pH value remained
645  unchanged, or decreased slightly compared with that of Con. This is attributed to the fact that
646  Ca’' increased the activity of Ca®" and inhibited the decomposition of calcium hydroxide,
647  although NO>—AFm was generated that inhibited the dissolution of GGBFS to some extent.
648  (3) Effects of curing temperature on GGBFS hydration

649  The most obvious effects of curing temperature is attributed to the fact that high temperature
650 promotes the dissolution of GGBFS because they provides more energy necessary to
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overcome the barriers to continue hydration. However, more rapid hydrates precipitate on
the GGBFS surface to form a thick shell, which inhibits the subsequent hydration. At the
low-curing temperature, Ca(NOz)2 further inhibits the hydration of GGBFS at an early age
owing to the influence of low-ionic mobility and the common-ion effect; the latter suppresses
the calcium hydroxide solubility owing to the increase in the calcium concentration, and
causes a decrease in pH.

5. Conclusions

In this study, the coupling effects of the curing temperature and activators on Ca(OH)2
activated GGBFS system were investigated by XRD, isothermal calorimetry, NMR, and
thermodynamic modeling. The key conclusions are as follows.

(1) The accelerator can effectively promote the early strength of GGBFS, especially at 20°C,
during which NaCl has the worst promotion effects. The early strengths of the samples
cured at 35°C were the largest, but the later strength were significantly lower than those
of the same samples cured at 20°C. At low temperature, the accelerator had the most
obvious effect on the medium-term strength of the samples. Owing to the low-hydration
degree, the activator still promoted strength until a later stage. In this study, the hydrated
type mainly depended on the category of activators, and the different curing temperatures
did not change the type of hydration products, but only the quantity of hydration products.

(2) There was a positive linear correlation between Ina and 1/T in each hydration stage that
indicated that high temperature provided more energy to overcome the barriers to
continue hydration.

(3) A good correlation was observed between LEIC and E. at an early age. At an early age,
the stronger the anionic mobility of the accelerator was, the more obvious the reaction
promotion effect on GGBFS was, while at 7 days, the trend was opposite. These findings
were consistent with the tendency of strength development.

(4) The pH showed a strong correlation with the initial hydration of the GGBFS. Before the
first day, the increased pH was due to the reaction in Na2SO4, while NaCl increased the
pH owing to the reaction between NaCl and the excess amount of Ca(OH)2. Although a
certain degree of U-phase was formed, sufficient Na* remained in the pore solution of
Na2S20s3 that required OH™ to ensure charge neutrality, and the high pH promoted early
hydration. In Ca(NO2)2, the pH value was quite low at the initial stage, even though some
Ca®" was consumed in the form of AFm. Collectively, this means that high Ca®>" may
inhibit the dissolution of CH due to the common-ion effect, thereby inhibiting the
hydration of GGBFS.

(5) The effects were different at different curing temperatures. In a previous study, we
confirmed at low-curing temperature, because of the influences of low-ionic mobility and
common-ion effect, Ca(NO2)2 inhibited the hydration of GGBFS at an early age. This
study provided more evidence from the results of simulated Ca*" activity, whereas high
temperature and activators promoted considerably the hydration degree at an early age.
Owing to the cross-over effect, the thick shell at the surface of the GGBFS formed by
more rapid early hydrates inhibited the late hydration.
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