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Abstract 13 

The initial reactivity and strength development of blast furnace slag cement (BFSC) are 14 

crucial factors that increase its utilization. Therefore, it is important to select the most suitable 15 

accelerator. In this study, the impact of four accelerators, namely sodium sulfate (Na2SO4), 16 

calcium nitrite (Ca(NO2)2), triethanolamine (TEA), and diethanolisopropanolamine (DEIPA), 17 

on the hydration and strength development of BFSC at curing temperatures of 5 and 20 °C 18 

was investigated. Isothermal calorimetry, X-ray diffraction (XRD), scanning electron 19 

microscopy (SEM), and mercury intrusion porosimetry (MIP) were conducted. The results 20 

revealed that Na2SO4 effectively enhanced early age strength by accelerating the hydration 21 

of the clinker and slag. Ca(NO2)2 is sensitive to temperature changes. At 20 °C, Ca(NO2)2 22 

promoted the reaction of the aluminates and slag in the initial stage. However, the presence 23 

of slag inhibited clinker hydration, and the addition of Ca(NO2)2 exacerbated this effect, 24 

resulting in reduced strength at 5 °C. Indeed, the use of TEA and DEIPA at 0.02% at 5 °C is 25 

not recommended. Complex interactions between TEA and Ca2+ may inhibit the formation 26 

of calcium hydroxide crystals, further inhibiting aluminate hydration. This may lead to low 27 

strength development at low curing temperatures such as 5 °C. 28 

 29 
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1. Introduction 33 

Ordinary Portland cement (OPC) is the most commonly used construction material 34 

worldwide, with an annual production rate of approximately 4 Gt. This substantial production 35 

contributes to approximately 10% of global CO2 emissions [1]. To align with the Paris 36 

Agreement on Climate Change, it is imperative to reduce annual CO2 emissions by at least 37 

16% by 2030 [2]. Therefore, the development of clinker-free construction materials has 38 

attracted considerable attention. Currently, a significant portion of cementitious binders 39 

consist of blended Portland cement, which incorporates one or more supplementary 40 



2 
 

cementitious materials (SCMs) [3]. Ground-granulated blast furnace slag (GGBFS), 41 

hereafter referred to as slag, is a popular SCM that not only helps reduce CO2 emissions but 42 

also decreases thermal energy consumption by approximately 1600 MJ/t [2].  43 

Studies have indicated that slag-blended cement exhibits superior physical and chemical 44 

resistance compared with cement with an equivalent clinker replacement ratio [4], 45 

demonstrating higher compressive strength, enhanced durability, and increased resistance to 46 

corrosion in later stages [5]. Theoretically, the percentage of slag in the blended cement can 47 

reach 70% or higher. In practice, however, the recommended replacement ratio is limited to 48 

approximately 50% [6]. This limit is recommended owing to the stronger dilution effect of 49 

the cement at higher replacement ratios, which outweighs the positive filling effect of the 50 

slag [7]. The delayed reaction of the slag during the early stage of hydration explains this 51 

phenomenon. In the slag-blended cement, the slag remained largely unreactive until after 52 

24 h [4]. Consequently, low reactivity and early strength development significantly restrict 53 

the achievable replacement ratio of slag in slag-blended cement, hindering its potential for 54 

higher levels of clinker replacement.  55 

One promising approach for enhancing the early reactions of blast-furnace slag-blended 56 

cements is the addition of soluble organic compounds and inorganic salts [8]. Among these 57 

additives, Sodium sulfate (Na2SO4) is a well-known accelerator commonly used in slag-58 

blended cement [9,10]. Numerous studies have demonstrated that Na2SO4 can significantly 59 

improve the compressive strength development at an early stage [11–13]. However, it is 60 

crucial to carefully control the dosage of Na2SO4, because excessive amounts may lead to 61 

reduced late strength owing to AFt recrystallization [14,15]. Calcium nitrite (Ca(NO2)2) is 62 

widely used as an anti-freezing agent and corrosion inhibitor in cement formulations owing 63 

to its non-chloride and alkali components [16,17]. It can also act as an accelerator by 64 

promoting the hydration of alite and tricalcium aluminate (C3A). The formation of nitrite 65 

AFm (Ca3Al2(OH)12(NO2)2xH2O) is effective in accelerating the early strength development 66 

[18].  67 

Alcohol amine monomers, such as triethanolamine (TEA) and diethanol-68 

isopropanolamine (DEIPA), are commonly used as cement grinding aids because of their 69 

surface-active dispersion properties [18–21]. It has also been reported that alkanolamines can 70 

function as accelerators at low doses (< 0.1%) [22,23]. Several studies have shown that TEA 71 

can enhance the compressive strength of cement at the early stage when used at dosages of 72 

0.02 to 0.05%. This promotion was attributed to the acceleration of aluminate hydration in 73 

both the early (formation of AFt) and late (formation of AFm) stages [21,24–26]. Liao et al. 74 

[24] found that TEA improved the early hydration of cement by accelerating aluminate 75 

hydration, although it may have prolonged the induction period because of its retardation 76 

effect on alite. This phenomenon was also confirmed by Zhang et al. [27], who observed that 77 

TEA can alter the morphology of portlandite by forming a TEA-Ca2+ complex. The 78 

intermixing of microcrystalline portlandite with C-S-H can result in an increased Ca/Si ratio. 79 

Xu et al. [21] found that the TEA-Ca2+ complex could further delay the hydration of alite by 80 

inhibiting portlandite growth. In addition, TEA has been found to promote the hydration and 81 

strength development of cement blended with cementitious materials. Tan et al. [28] 82 

investigated the effects of TEA on a cement-wet ground granulated blast-furnace slag system 83 

(WGGBS) and reported that TEA could increase the late strength by facilitating the formation 84 
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of a hydrotalcite-like phase. Huang et al. [29] indicated that TEA enhanced the strength of 85 

limestone-calcined clay cement, both in the early and late stages, by accelerating aluminate 86 

hydration and reducing porosity. Recently, as summarized by Lu et al. [26], TEA was shown 87 

to promote not only aluminate but also ferrite hydration, consequently affecting the hydration 88 

of alite. Despite considerable research into the effects of TEA on cement or blended cement 89 

hydration, limited information is available regarding its use in slag-blended cements. As a 90 

new type of alkanolamine, DEIPA is considered more environmentally friendly than TEA 91 

because of its low toxicity. DEIPA was also found to have a positive effect on hydration at 92 

an appropriate dosage. Riding et al. [23] reported that 0.02% DEIPA mixed with slag-blended 93 

cement could accelerate aluminate hydration and alter the morphology of portlandite. Ma et 94 

al. [20] observed this phenomenon and pointed out that DEIPA could enhance the formation 95 

of the AFt phase at the initial stage and subsequently promote the second hydration of the 96 

ferrite and aluminate phases. As reported by Wang et al. [30], 0.05% DEIPA can effectively 97 

increase the compressive strength of cement throughout the curing period with a more 98 

pronounced enhancement in the early stage.  99 

Environmental conditions, particularly curing temperature, play an important role in 100 

cement-based material hydration [31–33]. The hydration and strength development of 101 

cement-based materials get significantly slower at low curing temperatures (0-10 °C). 102 

However, under low-temperature conditions, the basic hydration mechanism does not change 103 

noticeably, which may result in different properties compared to those exhibited by materials 104 

cured at ambient temperature [34,35]. For general applicability, it is important to further 105 

clarify and verify whether additives suitable at room temperature are also suitable at low 106 

temperatures. 107 

In this study, the influence of two alkanolamines (TEA and DEIPA) at a low dosage 108 

compared with the commonly used inorganic salts Na2SO4 and Ca(NO2)2 on the slag-blended 109 

cement at curing temperatures of 5 and 20 °C was investigated. The objective of the 110 

investigation was to provide a better understanding of the influence of organic and inorganic 111 

additives on the hydration and strength development of slag-blended cements at different 112 

curing temperatures. The results of this investigation can be used to determine a more 113 

reasonable design for the replacement ratio of cement with chemical additives, and to provide 114 

some feasible suggestions for selecting the appropriate additives under the conditions of 115 

room and low curing temperatures. 116 

 117 

2. Experimental 118 

2.1.Raw Materials 119 

All the cementitious materials used in this study were provided by Nippon Steel 120 

(Hokkaido, Japan). Commercial OPC and slag, which comply with the Japanese standards 121 

JIS R 5210 and JIS A 6206, respectively, were used. The specific surface areas of the OPC 122 

and slag were measured as 3260 and 3820 cm2/g, respectively. The chemical compositions 123 

of the raw materials, as measured by XRF, are listed in Table 1. The mineral compositions 124 

of the raw materials are presented in Fig. A. 1 in the Appendix. Quartz powder (#300, 125 

MARUTOU, Japan) was used to obtain an inert filler with a size similar to that of the slag. 126 
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The particle size distributions of both materials are shown in Fig. A. 2. Analytical grade 127 

Na2SO4, Ca(NO2)2H2O, TEA (Kanto Chemical, Tokyo, Japan), and DEIPA (Tokyo 128 

Chemical Industry, Tokyo, Japan) were used in this study. The OPC and slag were blended 129 

at a fixed ratio of 50:50, which is one of the most commonly used ratios in Japan, according 130 

to the JIS A 6206 standard. However, the sulfate content was not adjusted to accommodate 131 

the aluminate content present in the slag. To minimize bleeding, both mortars and pastes 132 

were prepared with a water-to-binder (OPC + slag) ratio of 0.4. The dosage of TEA and 133 

DEIPA was 0.02% by weight of the cement-slag binder, a value commonly used in previous 134 

studies [29,36,37]. Prior research has indicated that the optimal dosage of Na2SO4 in a 50:50 135 

slag-cement binder is 1.0%-1.5% [11]. To ensure an observable effect without negatively 136 

affecting the later strength, a 1.0% binder dosage by weight was selected for Na2SO4. 137 

Similarly, a 1.0% dosage by weight of the binder was used for Ca(NO2)2 in this study, 138 

because it has been shown to promote the hydration of slag and cement in previous studies 139 

[16]. The mix designs of the slag-blended cement are summarized in Table 2. 140 

 141 

Table 1 Chemical composition of slag, OPC and quartz powder (wt %). 142 

Oxide Slag OPC Quartz powder 

CaO 41.8 66.88 0.03 
SiO2 33.8 20.48 95.79 

Al2O3 13.3 5.06 2.32 

MgO 7.2 1.50 0.07 
SO3 0.7 2.05 0.00 

Fe2O3 0.7 2.89 0.11 

TiO2 0.5 0.29 0.06 

Na2O 0.4 0.22 0.12 

K2O 0.3 0.27 1.46 

MnO 0.2 0.05 0.00 
Others 0.1 0.01 0.3 

LOI 0.46 2.5 0.35 

 143 

Table 2 Mix proportions in this study. 144 

Mix design OPC (wt%)* Slag (wt%) 
Quartz 

powder**  
Curing 

temperature 
Additive 

(wt% of binder) 
OPC 100 0 

0 “5 °C” 
“20 °C” 

/ 
Blank 

50 50 

/ 
Ca(NO2)2 1.0% 

TEA 0.02% 
DEIPA 0.02% 
Na2SO4 1% 
Blank 50 0 50 / 
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Ca(NO2)2 1.0% 
TEA 0.02% 

DEIPA 0.02% 
Na2SO4 1.0% 

* OPC was used only for the compressive strength tests. 145 
** The samples mixed with quartz powder were only used for X-ray diffraction (XRD) and isothermal 146 
calorimetry testing within the initial two 2 d. This was done to isolate the impact of additives on the 147 
slag component within the slag-blended cement. 148 
 149 

 150 

2.2.Mortar experiments 151 

Mortar samples were prepared by mixing standard sand with a solid-to-liquid ratio of 152 

2.5, to achieve the desired consistency. All the additives were dissolved in distilled water the 153 

day before mixing to ensure sufficient dissolution. Initially, the OPC, slag, and standard sand 154 

provided by the Japan Cement Association, compliant with JIS R5201 (density:2.64 g/cm3, 155 

water absorption rate:0.42%, D90:0.16 mm), were premixed in a 5 L stirring mixer for 1 min 156 

to ensure homogeneity. After premixing, the solution was mixed with the solids for 90 s at 157 

low speed. To maintain homogeneity, the binders adhering to the blades and edges of the 158 

bowl were scraped using a spatula for 30 s, followed by high-speed mixing for 120 s. Once 159 

the mixing was complete, fresh mortar was immediately poured into a cylindrical mold (50-160 

mm in diameter and 100-mm in length) and sealed with plastic sheets. The mortar samples 161 

were then stored in curing chambers with 98% relative humidity at 5 and 20 °C, respectively. 162 

After curing for 3,7 and 28 d, the samples were demolded, and the compressive strength 163 

was measured, with an average value calculated from three samples. 164 

2.3.Paste preparation 165 

The solution containing the chemical additives mixed with distilled water was left 166 

overnight at 20 °C to ensure sufficient dissolution. Before adding the solution, the anhydrous 167 

cement and slag were mixed in a 2.5 L mixer to achieve homogeneity. After adding the 168 

required amount of solution, the mixture was gently homogenized for 90 s, followed by a 30-169 

second pause with intermittent scraping using a spatula to maintain homogeneity. Finally, 170 

the mixture was combined for 2 min at high speed. The paste was cast into a plastic cup with 171 

a diameter of 50 mm and length of 50 mm, which was covered with plastic sheets. The 172 

samples were then cured at 5 and 20 °C.  173 

After the specified curing periods of 3 and 28 d, the samples were demolded. To 174 

investigate the effects of the additives during the fresh stage, samples for XRD testing were 175 

collected at various time intervals ranging from 2 h to 20 h before the one-day mark 176 

(specifically at 2, 6, 10, 12, 16, and 20 h) based on the isothermal calorimetry test. The outer 177 

layer of each sample was then removed. For scanning electron microscopy (SEM) 178 

observation, the samples were cut into 3-5 mm discs using a diamond saw, and the remaining 179 

portion was crushed with a hammer and sieved to obtain particles ranging in size from 2 to 5 180 

mm. Hydration was stopped by replacing the solvent with acetone, as described in a previous 181 

study [38]. Subsequently, the acetone was decanted, and the specimens were dried in a 182 
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constant curing chamber at 40 °C for 1 d. The samples for XRD analysis were further ground 183 

into powder with a particle size of less than 300 μm. All the samples in which hydration was 184 

stopped were stored in vacuum bags until further analysis. 185 

2.4.Paste experiments 186 

2.4.1. Isothermal calorimetry 187 

The generated heat was monitored using an isothermal calorimeter MMC-5116 (Tokyo 188 

Riko) instrument set at 5 °C for 14 d and 20 °C for 7 d. Before each experiment, the 189 

calorimeter was recalibrated and left for 1 d to maintain stability, and the glass ampoules 190 

were stored at the corresponding temperature overnight until the experiment. To investigate 191 

the influence of additives on the slag in slag-blended cement, 10 g of cement was mixed with 192 

10 g of quartz powder. Because the internal mixing method in the calorimeter could not yield 193 

a homogeneous mixture, approximately 20 g of the binder was blended by hand outside the 194 

calorimeter for 5 min [4]. The samples were then immediately placed in a calorimeter. 195 

2.4.2. SEM observation 196 

The reaction degree of the slag and hydration degree of the clinker were calculated based 197 

on backscattered electron (BSE) images [39]. For BSE observation, 3-5 mm discs were 198 

impregnated with epoxy resin and left to harden for 1 d, followed by drying at 40 °C for at 199 

least 3 d. To create a mirror surface suitable for Scanning Electron Microscopy with Energy-200 

Dispersive X-ray Spectroscopy (SEM-EDX) measurements, the impregnated disc surface 201 

was sequentially polished down to 1 μm using ethanol as a lubricant. The specimen was then 202 

coated with Pt to increase its electrical conductivity. SEM-EDX measurements were 203 

performed using a JEOL JSM-IT200 scanning electron microscope equipped with an EDX 204 

detector. The electron acceleration voltage used to operate the microscope was 15 kV, and 205 

the working distance was approximately 10 mm. Images were collected at 500x. Two 206 

samples and 20 images were analyzed. The degree of reaction between slag and cement was 207 

calculated as follows [40]: 208 

𝛼 ൌ 1 െ
௏೔
௏బ

,                                                                                                                     (1) 209 

where 𝑉଴  is the initial fraction of the solid in the binder and 𝑉௜  is the unreacted slag or 210 

unhydrated cement at age i. 211 

2.4.3. Powder X-ray diffraction 212 

XRD data were obtained using a MultiFlex diffractometer to characterize the phase 213 

assemblage during hydration and quantify the crystalline phase. The diffractometer was 214 

equipped with a Cu-Kα X-ray tube and measurements were run at 40 kV and 40 mA in the 215 

angular range of 5–70° (2𝜃). The scan was conducted in steps of 0.02°, for 1.2 s per step. To 216 

the samples, corundom (α-Al2O3) was added at 20% wt as an internal standard to quantify 217 

the amount of amorphous phase. The XRD data were analyzed using the Profex software 218 

with Rietveld refinement. The amounts of C–(A)-S-H and unreacted slag were determined 219 

from the BSE results. 220 

2.4.4. Morphology observation 221 
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Prior to the observation, the discs were directly coated with Pt and stored in a vacuum 222 

desiccator. Morphological analysis was carried out using FE-SEM (JEOL JSM-7200F), 223 

equipped with EDS (JEOL, EX-94300S4L1Q), operated in the Secondary Electron (SE) 224 

mode. Qualitative point studies were conducted to identify the chemical composition of the 225 

specific phases. The observations were performed at a voltage of 15 keV and a working 226 

distance of 10 mm. 227 

2.4.5. Mercury intrusion porosimetry (MIP) 228 

Mercury intrusion porosimetry was conducted using a Micromeritics Auto Pore V 9600 229 

instrument to evaluate the porosity and pore size distribution of the paste samples. After 230 

loading a sample into a low-pressure station, the glass cell was filled with Hg. Low-pressure 231 

analysis was performed up to 50 psia. A high-pressure analysis was performed at pressures 232 

between 50 and 60,000 psia. The contact angle was set to 130°, and the surface tension was 233 

set to 0.485 N/m. 234 

3. Results and discussion 235 

3.1.Compressive strength 236 

Figure 1 illustrates the influence of the chemical additives on the compressive strength 237 

of the mortars. Figure 1a presents the development of compressive strength of mortars cured 238 

at 5 °C. Na2SO4 demonstrated superior promotion from 3 to 28 d, whereas Ca(NO2)2 only 239 

exhibited an acceleration effect at 28 d. TEA showed a slight promotional effect at 7 d, with 240 

a 20% increase compared to the control group. By contrast, similar to the behavior of mortars 241 

treated with DEIPA and cured at 5 °C, the strength of the samples treated with DEIPA and 242 

cured at 20 °C was also inhibited for up to 28 d (Fig. 1b). However, the samples treated with 243 

other additives and cured at 20 °C showed a completely different trend.  244 

The addition of Na2SO4 and Ca(NO2)2 promoted strength development up to 7 d, with 245 

the Na2SO4-treated sample showing more strength gain at 3 d, indicating the beneficial role 246 

of alkalis in enhancing the early compressive strength in slag-blended systems, as reported 247 

in the literature [11,12]. However, no significant increase in strength was observed in the 248 

samples treated with alkanolamines at low dosages throughout the entire period, which 249 

differed from the behavior observed in OPC systems or OPC blended with other 250 

supplementary cementitious materials (SCMs). At 28 d, the slag-blended cement without any 251 

additives surpassed all the other samples, showing comparable or even higher strength than 252 

OPC with the same water-to-binder ratio. This can be attributed to the high slag reactivity at 253 

28 d, which is further explained in the following section. Among the additives, Na2SO4 254 

exhibited the highest decrease in strength, which was 22% less than that of the control group, 255 

whereas DEIPA showed only a 4% decrease, representing the smallest decline in strength. 256 

In general, the effect of additives on strength development is highly susceptible to the 257 

influence of curing temperature. From the point of view of improving early strength, Na2SO4 258 

showed a significant promotion effect at curing temperatures of both 5 and at 20 °C. 259 

Ca(NO2)2 was more suitable for use at 20 °C. TEA and DEIPA did not perform well in this 260 

study, and even exhibited an inhibitory effect on strength compared to the control group. 261 
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 262 
Fig. 1. Compressive strength of slag-blended cement mortars containing chemical 263 

additives. a) cured at 5 °C; b) cured at 20 °C. 264 

3.2.Total hydration degree of clinker and reaction degree of slag  265 

The total degree of clinker hydration and the reaction degree of the slag were obtained 266 

from the BSE images, as shown in Fig. 2. The curing temperature had an extremely strong 267 

influence on the hydration of the early cement clinker, with the low-temperature curing 268 

conditions creating an inhibitory effect on the hydration of the clinker (Fig. 2a). However, 269 

the effect on the subsequent cement clinker hydration was not significant. By contrast, except 270 

for the sample with Ca(NO2)2, low-temperature curing did not affect the reactivity of the slag 271 

in the early stage, but had a strong effect in the later stage (Fig. 2b). This may be due to the 272 

low reactivity of slag during the early stage. The total hydration of the clinker under all 273 

conditions in the later stage was very similar at approximately 70%. The effect of Ca(NO2)2 274 

was sensitive to the curing temperature. Except for Ca(NO2)2, all the other additives 275 

promoted the reaction of slag and the hydration of the clinker at 3 d, irrespective of the curing 276 

temperature. Na2SO4 exhibits the greatest promotional effect. No difference in the degree of 277 

hydration of the clinker was observed at 28 d, irrespective of the curing temperature. The 278 

effects of additives on the specific components of the clinker are described in the next section. 279 

Figure 3 illustrates the correlation between strength development and the reaction degree of 280 

the binder. As shown in the figure, a positive relationship is observed. The enhancement in 281 

the compressive strength was linked to the augmentation of the degree of reaction between 282 

the clinker and slag. 283 

BSE images of the samples at 3 d were selected and are presented in Fig. 4. Compared 284 

to the samples cured at 20 °C, the lower curing temperature appeared to result in a coarser 285 

microstructure, as indicated by the presence of black-hole-like areas in the corresponding 286 

images (Figs. 4a, c, e). In the case of Na2SO4, a denser C-(A)-S-H ring, highlighted by the 287 

yellow oval, was observed around the unhydrated clinker (Fig. 4b), compared with other 288 

samples at 20 °C. As shown in Figs. 6d and f, the presence of TEA and DEIPA resulted in 289 

the formation of thin plates, such as portlandite. TEA and DEIPA have the capability to form 290 

complexes with Ca2+ via chelation. These complexes may contribute to the growth of 291 
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portlandite, attributed to portlandite microcrystals [27,41]. Two other phenomena are 292 

noteworthy. Although the amount of microcrystalline portlandite seems minimal, this 293 

phenomenon can probably be attributed to Na2SO4 (Fig. 4b). This has been previously 294 

reported for white cement-slag systems with Na2SO4  [12]. Another new finding is that TEA, 295 

in addition to causing the microcrystallization of portlandite, seems to produce many needle-296 

like carbonates around the portlandite cluster, as detected by EDX (Figs. 4d and f).  297 

 298 

Fig. 2. The degree of reaction of slag and clinker up to 28 d by BSE. a) clinker cured at 5 °C, 299 

b) slag cured at 5 °C, c) clinker cured at 20 °C and d) slag cured at 20 °C. 300 
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 301 

Fig. 3. Relationship between compressive strength and reaction degree of the binder. 302 

 303 

Fig. 4. Microstructure of slag-blended cement observed by BSE. 304 

3.3.Hydration phase assemblage 305 

The XRD results are presented in Fig. 5. As shown in Figs. 5a and b, the main crystalline 306 

hydrates identified were AFt, portlandite, monocarboaluminate, hemicarboaluminate, and 307 

monosulfate. Lower curing temperatures hindered the phase transformations of 308 
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monocarboaluminate and hemicarboaluminate.  309 

The quantitative XRD results are shown in Fig. 6. After 3 d, the additives accelerated 310 

the hydration of alite and belite at 5 °C, resulting in the formation of more C-(A)-S-H 311 

compared to the control group. Specifically, Na2SO4 facilitates the rapid hydration of alite, 312 

leading to the formation of a significant amount of C–(A)–S-H, which accounts for 28% of 313 

the total weight. However, during the three-day hydration period at 20 °C and the 28-day 314 

hydration period, the additives did not have a significant impact on the phase assemblage. 315 

Notably, the amount of C-(A)-S-H produced at 28 d was comparable to or even exceeded 316 

the amount in the sample with additives, depending on the curing temperature. This 317 

phenomenon may explain the higher compressive strength of the control group. Both TEA 318 

and DEIPA promoted the hydration of the ferrite phase throughout the entire duration of 319 

this study. This effect can be attributed to the ability of TEA and DEIPA to form complexes 320 

with Fe, thereby increasing the mobility of Fe in the pore solution [19,22].321 

 322 

Fig. 5. XRD spectra of pastes treated with additives. a) 3 d cured at 5 °C; b) 3 d cured at 323 

20 °C; c) 28 d cured at 5 °C and d) 28 d cured at 20 °C. 324 
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 325 

Fig. 6. Phase assemblage of samples treated with chemical additives. a) 3 d cured at 5 °C; b) 326 

3 d cured at 20 °C; c) 28 d cured at 5 °C and d) 28 d cured at 20 °C. 327 

 328 

3.4.MIP 329 

At 3 d, Na2SO4 demonstrated significant effectiveness in reducing the porosity of the 330 

hardened paste at both 5 and 20 °C, as depicted in Figs. 7a and c. The samples containing 331 

Na2SO4 exhibited the smallest critical entry radius and the lowest total porosity at 5 °C, as 332 

shown in Fig. 7b. By contrast, the other additives did not show a significant refinement effect 333 

on the pore structure at 5 °C, as they all displayed similar total porosity and critical entry 334 

radius values (approximately 758 nm). However, at 20 °C, DEIPA, TEA, and Ca(NO2)2 335 

reduced the volume of the pores larger than 300 nm. Notably, Ca(NO2)2 showed a 336 

pronounced effect at 20 °C, as the peak shifted to 60 nm, which is consistent with the 337 

observed strength development. This refinement effect is considered beneficial for enhancing 338 

strength [29].  339 

After 28 d, the pore characteristics of the samples treated with TEA and DEIPA were similar 340 

to those of the control group. The critical pore entry radii were approximately 54 and 9 nm 341 

at 5 and 20 °C, respectively (Figs. 8a and c). However, at this stage, the negative impact of 342 

Na2SO4 on the formation of large pores was significant. The total porosity of the Na2SO4-343 

treated samples was 4% and 7% higher than that of the control group at 5 and 20 °C, 344 
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respectively. This effect was relatively mild under low-temperature curing conditions, 345 

possibly owing to the slower hydration rate, which allowed sufficient time for pore structure 346 

refinement. The Ca(NO2)2 continued to refine the pore structure, particularly at low curing 347 

temperatures. This refinement effect may be related to the low degree of reaction at the early 348 

stage, indicating that the late reaction of the slag could be promoted (Fig. 2). A strong linear 349 

inverse correlation was observed between the capillary porosity and compressive strength, 350 

as shown in Fig. 9. This finding suggests that strength development was caused by the coarse-351 

pore-filling of the reaction products. 352 

 353 

Fig. 7. Pore structure of the pastes treated with chemical additives at 3 d. a) and b) pore size 354 

distribution of the samples cured at 5 °C; c) and d) pore size distribution of samples cured 355 

at 20 °C. 356 
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 357 

Fig. 8. Pore structure of the pastes treated with chemical additives at 28 d. a) and b) pore size 358 

distribution of the samples cured at 5 °C; c) and d) pore size distribution of samples cured at 359 

20 °C. 360 
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 361 

Fig. 9. Relationship between compressive strength and capillary porosity. 362 

 363 

3.5.Morphology 364 

Figure 10 shows the morphologies of the samples cured for 3 d. Except for TEA 365 

(Fig. 10e), the presence of the additives did not induce significant changes in the morphology. 366 

In the control group (Fig. 10a), needle-like C-(A)-S-H was observed attached to the surface 367 

of the unreacted slag [42]. The samples containing Na2SO4 and DEIPA (Figs. 10b and d) 368 

exhibited numerous hexagonal plate-like phases, which were identified as the AFm phase. In 369 

the case of DEIPA, in addition to hexagonal plates, such as the AFm phase, needle-like C-370 

(A)-S-H and sheet-like AFm phases were also observed. By contrast, the samples containing 371 

TEA displayed a distinct morphology characterized by the presence of numerous flower-like 372 

or petal-like hydration products. EDX analysis confirmed that these products were carbonates. 373 

It is important to mention that all samples underwent the same curing conditions, indicating 374 

that TEA could potentially influence calcite stability.  375 

The influence of TEA on the morphology of slag-blended cement was further 376 

investigated, as shown in Fig. 11. The curing temperature did not significantly affect the 377 

morphology. On day three, petal-like carbonates were generated (Figs. 11a and c). At 20 °C, 378 

it can be observed that some carbonates mixed with the needle like C-(A)-S-H, and a large 379 

amount of plate-like phase was attached at the surface of unreacted slag (Fig. 11c), which 380 

may be the reason for the further inhibition of slag reaction. At later ages, petal-like 381 

carbonates were not clearly observed; instead, silk- and cluster-like phases were generated. 382 

As verified by EDS, both were carbonates, which further confirmed that TEA caused 383 

structural changes in the carbonates. As suggested by previous studies, the stability of 384 
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carbonates is significantly affected by temperature, pH, Mg concentration, and organic 385 

additives (amines and alcohols, etc.) [43]. The ability of amines to form chelates with calcium 386 

ions may lower the concentration of free ions, which induces structural changes in the 387 

carbonate  [44]. As chelate formation of the TEA-Ca2+ complex is well observed in cement 388 

with the TEA system at the same dosage of TEA, we believe that the TEA-Ca2+ complex 389 

could also form in slag-blended cement  [27].  390 

 391 

Fig. 10. Morphology of the slag blended cement at 3 d. a) Blank; b) Na2SO4; c) Ca(NO2)2; d) 392 

DEIPA; e) TEA. 393 
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 394 

Fig. 11. The influence of TEA on the morphology of slag-blended cement cured at a) 5 °C at 395 

3 d; b) 20 °C at 3 d; c) 5 °C at 28 d; d) 20 °C at 28 d. 396 

 397 

3.6.Early stage of hydration  398 

Figure 12 shows the heat generated by the pastes. The associated phase assemblages are 399 

summarized in Fig. A. 4. The additives significantly affect the hydration kinetics of the paste. 400 

However, the developmental trends of the additives were significantly different. The Na2SO4 401 

stimulated the heat generation and exhibited the largest cumulative heat value (Figs. 12b and 402 

d). During the hydration process, a notable exothermal peak occurred, which combined with 403 

the main and secondary hydration peaks owing to the rapid consumption of gypsum 404 

(Fig. A. 4) [11]. During the deceleration period, heat production dropped sharply. For 405 

Ca(NO2)2, the main hydration peak occurred rapidly approximately 5 h after hydration (Fig. 406 
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12c) and highly accelerated the hydration of alite (Fig. A. 4). Compared to the other samples, 407 

the peak during the main hydration period was narrower and sharper, which may be due to 408 

the low amount of precipitated portlandite. TEA and DEIPA had significant effects on the 409 

hydration kinetics. Both TEA and DEIPA slightly prolonged the induction period and 410 

induced an earlier sulfate depletion peak (Figs. 12a and c). With the addition of TEA and 411 

DEIPA, the main hydration peaks became sharper and more intense (Fig. 12c). However, as 412 

shown in Fig. 12d, the total cumulative heat of the samples treated with TEA and DEIPA 413 

showed no significant changes compared to the control group. In addition to the additives, 414 

the curing temperature also significantly affected the heat release of the pastes. Low curing 415 

temperatures had a pronounced inhibitory effect on the exothermic reactions and delayed the 416 

period of heat generation, as illustrated in Fig. 12a. Most of the samples with additives 417 

exhibited a similar trend in cumulative heat development compared to those cured at 20 °C. 418 

However, the sample with Ca(NO2)2 exhibited a notable deviation, particularly after 30 h, 419 

with the lowest cumulative heat. This may be attributed to the inhibition of aluminate 420 

hydration by Ca(NO2)2. This further indicates that the effects of Ca(NO2)2 are highly 421 

influenced by the curing temperature. As shown in Fig. 13, the shapes and amplitudes of the 422 

slag- and quartz-containing samples are similar, which indicates that the additives primarily 423 

affect the initial stage of cement hydration. The influence of the curing condition changes on 424 

the slag reaction is further investigated in the next section. 425 

 426 
Fig. 12. Effect of additives on the heat flow and cumulative heat of slag-blended cement 427 

a) and b) 5 °C; c) and d) 20 °C. 428 
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 429 

Fig. 13. The influence of additives on the heat flow and cumulative heat of cement treated 430 

with quartz powder a) and b) 5 °C; c) and d) 20 °C. 431 

 432 

3.7.Mechanisms of effects of the additives on slag reaction 433 

The above sections show the different effects on the properties of slag-blended cement 434 

systems. To clarify the mechanisms underlying the inhibitory and promotional effects of the 435 

additives, the fresh state of hydration was further investigated.  436 

To distinguish between cement hydration and slag reaction, the difference between the 437 

slag-blended cement and quartz-blended cement systems was obtained using the following 438 

subtraction method [4]: 439 

 ∆𝑄௧ ൌ 𝑄௤௨௔௥௧௭,௧ െ  𝑄௦௟௔௚,௧,                                                                                                  (2) 440 

where ∆𝑄௧ is the difference in heat release between the slag-blended cement and quartz-441 

blended cement at time t, 𝑄௤௨௔௥௧௭,௧ is the heat release in the presence of quartz at time t, and 442 

𝑄௦௟௔௚,௧ is the heat release in the presence of slag at time t. It should be noted that the reaction 443 

of the pastes in the calorimeter can cause water evaporation, leading to certain observed 444 

phenomena that may not align with other experimental results. However, these results 445 

provide reference values to a certain extent.  446 
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Figure 14 shows the difference between samples treated with slag and quartz powder 447 

and cured at 20 °C. The results for samples cured at 5 °C are shown in Fig. A. 3 in the 448 

appendix. Some differences were observed between the samples with and without quartz 449 

powder before the crossover point, which represented the starting point for the contribution 450 

of the slag reaction to the cumulative heat. Quantitative XRD analysis (Table B. 1) revealed 451 

that the clinker in the cement samples treated with quartz powder exhibited a higher degree 452 

of hydration. This difference may be attributed to a slight disparity in the particle size 453 

between the quartz powder and slag (Fig. A. 2), with quartz powder having a smaller particle 454 

size and acting as an effective filler. As indicated by the overlapping point, the reaction of 455 

the slag primarily contributed to heat generation after the sulfate depletion peak. Na2SO4 had 456 

the most significant promotion effect on the slag reaction, whereas DEIPA significantly 457 

inhibited it. Under low-temperature curing conditions, all samples except that with Na2SO4 458 

exhibited a substantial difference at the beginning and did not intersect with the sample 459 

containing quartz powder (Fig. A. 3).  460 

Figure 15 illustrates the contribution of slag to the cumulative heat. It can be inferred 461 

that not only the hydration of the slag but also the hydration of the cement clinker is inhibited 462 

at the initial stage. The difference curves between the control groups with and without the 463 

addition of quartz powder indicate that the presence of slag at low temperatures hampered 464 

the hydration of the clinker. The additives had a smaller effect on the clinker during the early 465 

stage; however, their effect became apparent after 40 h of hydration. The inhibitory effect of 466 

DEIPA on the binder hydration was reduced, possibly owing to its promotion of aluminate 467 

hydration. By contrast, Ca(NO2)2 and TEA intensified the inhibition of cement clinker 468 

hydration. Figure 14a shows that the exothermic peak of the aluminates was essentially 469 

absent in the samples containing Ca(NO2)2 and TEA. We speculate that the synergistic effect 470 

of slag and TEA or Ca(NO2)2 led to the suppression of aluminate hydration. The presence of 471 

slag has been observed to inhibit cement hydration, potentially attributed to concentration 472 

differences in elements between cement and slag at a curing temperature of 5 °C. Furthermore, 473 

the addition of Ca(NO2)2 further inhibits aluminate hydration because of its excessive Ca2+ 474 

content  [46]. The complex interaction between TEA and Ca2+ also hinders the formation of 475 

calcium hydrate crystals, further impeding aluminate hydration  [26]. 476 
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 477 

Fig. 14. The comparison in cumulative heat between samples treated with quartz powder 478 

and samples treated with slag at a curing temperature of 20 °C.  479 

 480 

Fig. 15. The difference in cumulative heat between the slag-blended cement and quartz-481 

blended cement at 5 °C.  482 

 483 
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4. Conclusions 484 

In this study, the findings support the following conclusions: 485 

1. At a curing temperature of 5 °C, the hydration of clinker in the samples treated with 486 

TEA and DEIPA may be inhibited at the initial stage, which may relate to the 487 

synergistic relationship between TEA, DEIPA, and slag. The presence of slag has 488 

been observed to inhibit cement hydration, which may be attributed to concentration 489 

differences in elements between cement and slag at a curing temperature of 5 °C. 490 

Furthermore, the complex interactions between the alkanolamines and Ca2+ hinder 491 

the formation of calcium hydrate crystals, further impeding aluminate hydration. 492 

2. Na2SO4 promoted the slag-blended cement at 3 d, irrespective of the curing 493 

temperature. The promotion effects were caused by the acceleration of the clinker 494 

hydration and slag reaction. Although the strength development was strongly 495 

inhibited at 28 d at 20 °C, 1% of Na2SO4 is the best admixture at a curing temperature 496 

of 5 °C in this study; it could still promote strength to some degree at 5 °C, due to the 497 

relatively low reaction rate. 498 

3. The effects of Ca(NO2)2 were sensitive to the curing temperature. At 20 °C, Ca(NO2)2 499 

could promote the hydration of aluminates and the reaction of slag, and also promoted 500 

the strength development at 3 d. However, the synergistic relationship with slag 501 

suppressed clinker hydration in the initial stages and led to the inhibition of strength 502 

development at 5 °C. 503 

4. At a low dosage of 0.02%, neither TEA nor DEIPA significantly enhanced strength 504 

development throughout the duration of the hydration period, irrespective of the 505 

curing temperature. At 20 °C, compared with the reference sample, TEA and DEIPA 506 

exhibited an accelerated hydration rate of alite but had no effect on the cumulative 507 

heat generated within the first day. After 2 d, TEA promoted the reaction of the slag, 508 

whereas DEIPA retarded it. 509 

5. Although the addition of Na2SO4 can refine pore structure at the early stage because 510 

of the higher degree of hydration of the cement and slag, no densification of the pore 511 

structure occurred at 28 d, irrespective of the curing temperature. By contrast, TEA, 512 

DEIPA, and Ca(NO2)2 showed finer pore structures than the blank sample at 28 d, 513 

with Ca(NO2)2 showing this effect most prominently. 514 
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Appendix A: Figures 528 

 529 
Fig. A. 1. XRD pattern of raw materials. a) OPC and slag; b) quartz powder. 530 

 531 

 532 
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Fig. A. 2. The cumulative particle size distribution of the slag and quartz powder used in 533 

this study. 534 

 535 

Fig. A. 3. The difference in cumulative heat between samples treated with quartz powder 536 

and samples treated with slag at a curing temperature of 5 °C.  537 
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 538 

Fig. A. 4. The reaction process of the slag-blended cement cured at 20 °C by a combination 539 

of heat flow and XRD. a) Blank; b) Na2SO4; c) Ca(NO2)2; d) DEIPA; e) TEA. 540 

 541 

 542 

 543 
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Appendix B: Table 544 

Table. B. 1 Amount of remaining clinker minerals at 20 °C. 545 

Sample ID Crossover point 
Unreacted Clinker minerals (wt%) 

C3S C2S C3A C4AF 

Blank 
A(60hour) 

7.38 10.2 0.04 5.02 

Blank + Quartz 3.76 9.12 0 3.43 

Na2SO4 
B(28hour) 

8.35 10.57 0.66 5.63 

Na2SO4 + Quartz 6.79 8.54 0.2 2.83 

Ca(NO2)2 
C(31hour) 

8.75 11.21 1 4.86 

Ca(NO2)2 + Quartz 7.25 9.19 0.11 4.24 

TEA 
D(51hour) 

6.32 9.7 0.3 3.93 

TEA + Quartz 4.34 8.25 0 2.5 

DEIPA 
E(103hour) 

3.46 7.59 0 1.24 

DEIPA + Quartz 5.25 10.61 0.03 2.68 

 546 

 547 
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 693 

Figure Captions 694 

 695 

Fig. 1. Compressive strength of slag blended cement mortars containing chemical additives. 696 

a) cured at 5 °C; b) cured at 20 °C. 697 

Fig. 2. The degree of reaction of slag and clinker up to 28 d by BSE. A) clinker cured at 5 °C, 698 

b) slag cured at 5 °C, c) clinker cured at 20 °C and d) slag cured at 20 °C. 699 

Fig. 3. Relationship between compressive strength and reaction degree of the binder. 700 

Fig. 4. Microstructure of slag-blended cement observed by BSE. 701 

Fig. 5. XRD spectra of pastes treated with additives. a) 3 d cured at 5 °C; b) 3 d cured at 702 

20 °C; c) 28 d cured at 5 °C and d) 28 d cured at 20 °C. 703 

Fig. 6. Phase assemblage of samples treated with chemical additives. a) 3 d cured at 5 °C; b) 704 

3 d cured at 20 °C; c) 28 d cured at 5 °C and d) 28 d cured at 20 °C. 705 

Fig. 7. Pore structure of the pastes treated with chemical additives at 3 d. a) and b) pore size 706 

distribution of the samples cured at 5 °C; c) and d) pore size distribution of samples cured 707 

at 20 °C. 708 

Fig. 8. Pore structure of the pastes treated with chemical additives at 28 d. a) and b) pore size 709 

distribution of the samples cured at 5 °C; c) and d) pore size distribution of samples cured at 710 

20 °C. 711 

Fig. 9. Relationship between compressive strength and capillary porosity. 712 

Fig. 10. Morphology of the slag-blended cement at 3 d. a) Blank; b) Na2SO4; c) Ca(NO2)2; d) 713 
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DEIPA; e) TEA. 714 

Fig. 11. The influence of TEA on the morphology of slag-blended cement cured at a) 5 °C at 715 

3 d; b) 20 °C at 3 d; c) 5 °C at 28 d; d) 20 °C at 28 d. 716 

Fig. 12. Effect of additives on the heat flow and cumulative heat of slag-blended cement a) 717 

and b) 5 °C; c) and d) 20 °C. 718 

Fig. 13. The influence of additives on the heat flow and cumulative heat of cement treated 719 

with quartz powder a) and b) 5 °C; c) and d) 20 °C. 720 

Fig. 14. The comparison in cumulative heat between samples treated with quartz powder and 721 

samples treated with slag at a curing temperature of 20 °C.  722 

Fig. 15. The difference in cumulative heat between the slag-blended cement and quartz-723 

blended cement at 5 °C.  724 

 725 


