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Abstract

During the early hydration of ordinary Portland cement (OPC), tricalcium aluminate (C3A) exhibits1

the highest reactivity among the clinker phases. Consequently, C3A significantly influences the early2

rheological properties of OPC-based materials, thereby linking rheology with C3A reactivity. The3

reactivity of C3A is affected by temperature, calcium sulfates, admixtures, and ionic strength. Calcium4

sulfate phases such as gypsum, bassanite, or anhydrite are used in technical Portland cement to control5

the early reactivity of C3A.6

This work investigates the impact of three sodium salts - sodium chloride (NaCl), sodium nitrate7

(NaNO3), and sodium sulfate (Na2SO4) - on the hydration of C3A. We study model suspensions composed8

of 10% cubic C3A and 90% quartz by weight with in-situ isothermal calorimetry. The C3A suspensions9

were mixed inside the calorimeter with a water-to-solid ratio of 0.8. Increasing concentrations, i.e., 400,10

1000, and 2000 µmol g−1, of the sodium salts mentioned above lead to characteristically decreased C3A11

reactivities. Combined with small amplitude oscillatory shear (SAOS) rheology experiments, we show12

that the addition of Na2SO4 significantly reduces the heat flow and the initial storage modulus. In13

contrast, NaNO3 and NaCl had less pronounced effects on both storage modulus and reaction heat.14

The differences in structure development are attributed to the formation of different hydrate phases.15

Specifically, Na2SO4 leads to ettringite formation, whereas the presence of nitrate and chloride ions16
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favors the precipitation of AFm phases. The study concludes that introducing various sodium salts can17

modulate the kinetics of C3A hydration and alter the reaction pathway, forming different hydrate phases.18
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1 Introduction19

The reactivity of the cementitious binder in the first minutes of hydration is crucially important for the20

fresh properties of concrete. Therefore, a more comprehensive understanding of the initial reactions of21

the main ordinary Portland cement (OPC) components is relevant for precisely controlling the hydration22

kinetics and the rheological parameters of (blended) cements.23

The early viscoelastic properties of OPC-based materials, such as concrete, are significantly influenced24

by the reactions involving tricalcium aluminate (C3A) [1–3]. In the first minutes of hydration, the reaction25

of C3A, which typically constitutes up to 10wt.% of OPC [4, 5], with water leads to the precipitation of26

calcium-aluminate-hydrates (C-A-H, AFm phases). If not adequately controlled, this process results in a27

swift decline in workability. This phenomenon, known as a flash set, is attributed to the formation of28

AFm phases (C2AH8 and C4AH13), which form as platelets, causing rapid stiffening of the paste [4, 6].29

Over time, the metastable AFm phases undergo partial or complete transformation into the more stable30

hydrate phase katoite (or hydrogarnet, C3AH6) [7–11].31

Calcium sulfate sources like gypsum or anhydrite are added during clinker grinding to act as set-32

retarding agents [12, 13]. This addition not only slows down the initial C3A reaction, thereby preventing33

a flash set but also redirects the hydration pathway of C3A towards ettringite formation [10, 14]. The34

retardation of the early C3A hydration in the presence of calcium sulfate is attributed largely due to the35

adsorption of sulfate or calcium sulfate ion-pair complexes [6, 15–19]. The precipitation of ettringite36

significantly impacts the initial material characteristics, particularly the rheological properties of OPC-37

based pastes and mortars. Jakob et al. demonstrated the critical role of ettringite in the early-stage38

rheology of OPC pastes [1], and Gołaszewski showed that the yield value of mortars is influenced by39

the conversion of C3A to ettringite [2]. Furthermore, the static yield stress of a model cement pastes40

containing C3A and C3S depends exponentially on the C3A phase content of the model cement [20].41

In addition to the sulfate ions of the sulfate carriers, other inorganic ions, such as nitrate, can be42

present in the pore solution. Accelerators or corrosion inhibitors are typical sources of nitrate ions. Ions43

such as chloride or nitrate can be incorporated into the layered double hydroxide (LDH) structure of AFm44

phases, resulting in the formation of Friedel’s salt and nitrate AFm [21–24]. In a recent study, Li and45

colleagues employed a combination of inorganic and organic molecules to selectively control the hydration46

process of aluminate phases in OPC. Their approach involved the retardation of ettringite nucleation47

and the simultaneous enhancement of aluminates dissolution at a specific point in time, resulting in a48

higher amount of ettringite formed and improved material properties [25]. Thus, understanding how ions49

like SO 2
4 , Cl– or NO –

3 affect the hydration kinetics of C3A is important for elucidating their influence on50
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the early age rheology and structure of cementitious materials.51

The kinetics, morphology, and spatial distribution of hydrate formation exert a significant influence52

on the viscoelastic properties of fresh cementitious systems [1, 26–28]. Small amplitude oscillatory shear53

(SAOS) tests have emerged as a suitable, non-destructive technique to study the viscoelastic behavior of54

fresh cementitious pastes [29].55

In SAOS testing, a material is exposed to a very small sinusoidal strain, and its stress response,56

represented by the complex modulus (G∗ = G′ + iG′′), is measured. The storage modulus (G′)57

characterizes the material’s elastic response, while the loss modulus (G′′) reflects its viscous behavior.58

Within the linear viscoelastic regime (LVR), the storage modulus remains constant, unaffected by the59

strain amplitude [30]. For cementitious systems, the time-dependent evolution of G′ provides insights60

into colloidal interactions (short-term, seconds) or structure build-up due to precipitating hydrate phases61

[29].62

Various studies have employed SAOS measurements to explore the structural evolution of cementitious63

pastes over time [26, 31–34]. Huang et al., for instance, investigated the impact of gypsum content in64

C3A-gypsum pastes on their structural development, finding that increased ettringite formation leads65

to a higher storage modulus after 300min of hydration [27]. Roussel et al. demonstrated how C-S-H66

precipitation in fresh cement pastes contributes to rigidification, significantly influencing the evolution of67

G′ [28]. Additionally, Han et al. conducted SAOS tests to analyze C3A hydration’s role in the structural68

development of cement paste. They identified two primary factors for early structural build-up: colloidal69

interactions among flocculated particles and cohesion between ettringite particles [35]. These findings70

underscore SAOS testing as a valuable method for investigating the viscoelastic properties of cementitious71

pastes, particularly for non-destructively studying the structural development induced by hydrate phase72

precipitation.73

This study investigates the early-stage hydration kinetics and viscoelastic properties of tricalcium74

aluminate (C3A) suspensions in various sodium salts. Specifically, we seek to:75

1. Examine the effects of sodium chloride (NaCl), sodium nitrate (NaNO3), and sodium sulfate76

(Na2SO4) on the hydration behavior of C3A and its subsequent impact on the structural development77

of cementitious pastes.78

2. Utilize in-situ isothermal calorimetry, small amplitude oscillatory shear (SAOS) tests, and XRD to79

monitor the heat flow, the viscoelastic properties of C3A suspensions and the phase development80

for the different sodium salts at three different concentrations.81
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3. Investigate the connection between the hydrate phase formation and the rheological properties of82

the pastes.83

In summary, we intend to provide deeper insights into the modulation of C3A hydration kinetics84

and the early structural properties. Such understanding is helpful for a pure OPC-based system and85

composite binders containing supplementary cementitious materials.86

2 Materials and Methods87

2.1 Materials88

The chemicals were commercially sourced and were used without further purification: CaCO3 (99.3%),89

Al2O3 (99.7%), calcium aluminate cement (27% CaO and 72% Al2O3), SiO2 powder (98.0%), Na2SO490

(99.0%), NaCl (99.5%) and NaNO3 (99.5%).91

2.1.1 Synthesis of cubic C3A92

Cubic C3A was synthesized according to a recently developed protocol [36]. Briefly, C3A was prepared93

by sintering cylindrical green bodies composed of CaCO3, Al2O3, calcium aluminate cement and water94

(water-to-solid ratio w/s = 0.5) in stoichiometric amounts (Ca/Al ratio = 1.5) twice at 1400 ◦C. The95

detailed synthesis procedure and characterization can be found elsewhere [36]. The purity of 99.6wt.% of96

the prepared cubic C3A sample (mayenite: 0.3wt.%, lime: 0.1wt.%) was confirmed by XRD accompanied97

by Rietveld refinement (Rwp = 5.64%, GOF = 1.74).98

2.1.2 C3A model system (C3A MS)99

Due to the comparatively high reactivity of C3A, researchers typically conduct studies with diluted100

systems (Minard et al., Pourchet et al.: w/s = 25; Myers et al.: w/s = 10) [7, 17, 37] or regulate101

the reactivity by adding calcium sulfate when examining pure cubic C3A [9, 38]. Our study aims to102

investigate the impacts of sodium salts in the absence of calcium sulfate and other clinker phases. To103

achieve this, we use a C3A model system consisting of a combination of cubic C3A and quartz filler. This104

enables the examination of the hydration behavior of C3A and the impact of hydrate precipitation in a105

system having a particle size distribution similar to OPC without disturbance from other reactions, such106

as the hydration of silicate phases (C3S or C2S).107

A C3A model system (10wt.% cubic C3A / 90wt.% quartz powder) was used for isothermal heat108

flow calorimetry, small amplitude oscillatory shear testing, and in-situ XRD measurements. The model109
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system’s particle size distribution (PSD) was chosen to be in the range of commercial ordinary Portland110

cements. The particle sizes were determined by laser diffraction analysis using a CILAS 1064 Particle111

Size Analyzer, and the resulting PSD is shown in Figure 1. The characteristic values were determined112

to d50 = 12.26 µm, d90 = 40.38 µm for the synthesized C3A and d50 = 11.08 µm, d90 = 35.14 µm for the113

C3A MS.114
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Figure 1: Particle size distribution of the synthesized cubic C3A and the prepared C3A model system
with quartz powder.

The C3A model system was prepared by weighing 50 g cubic C3A and 450 g SiO2 powder in a plastic115

bottle. Subsequently, this mix was tumbled in an overhead shaker (Heidolph REAX 20) at 15 rpm116

for 2 h. Afterward, the powder was co-milled in a rotary ball mill (AAM-WA 350, AAM Mahltechnik,117

Germany) equipped with 3 kg ZrO2 grinding balls (diameter = 21mm) at 50 rpm for 20min for further118

homogenization. The sample was filled into a tightly sealed plastic bottle and was stored in a desiccator119

under a vacuum over silica gel until further use.120

2.1.3 Model systems with sodium salts121

All following experiments were performed using the C3A MS and at a water-to-solid ratio (w/s) 0.8.122

This relatively high amount of water was necessary to obtain a pasty texture of the mixtures. The123

smooth consistency guarantees good workability during sample mixing and spreading and allows optimal124

trimming during preparation for the SAOS experiments and in-situ XRD measurements. The aqueous125

sodium salt solutions were prepared before each measurement and according to dosages of 400, 1000,126

and 2000 µmol g−1 C3A by mixing the sodium salts with Milli-Q water. The dosages of 400, 1000127

and 2000 µmol g−1 C3A of the salts are equivalent to 10.8, 27.0 and 54.0mol% (mol of the salts per128

mol C3A). For comparison, the complete conversion of 1 equivalent of C3A to ettringite requires 3129

equivalents of CaSO4, or 300mol% (11 111 µmol g−1) of calcium sulfate. In OPC, with typical amounts130
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of approximately 5wt.% C3A and 3wt.% SO3, a ratio of 200mol% (7410 µmol g−1) is found. Therefore,131

the amount of salts used in this study is less than that of calcium sulfate typically used to control the132

reactivity of C3A in OPC.133

2.2 Small amplitude oscillatory shear test (SAOS)134

To investigate the structural build-up of the C3A pastes in the presence of the sodium salts, oscillatory135

time sweeps were performed on a rotational rheometer (MCR 302e, Anton Paar, Austria) at 20 ◦C. The136

pastes were tested with a plate-plate geometry (PP25/P2, diameter = 25mm). Both plates were serrated137

to prevent wall slippage during the measurements [39]. All measurements were conducted with a gap size138

of 1.00mm at a constant shear strain (γ = 10−4) and at a constant angular frequency (ω = 1 rad s−1)139

for 3 h. The chosen strain is within the LVR of the C3A model suspensions. The groove on the bottom140

plate was filled with deionized water, and the measuring geometry was covered with a hood to avoid141

evaporation during the experiments. The storage modulus (G′) represents the elastic portion of the shear142

modulus and is proportional to the energy stored when the material is subjected to oscillatory shear.143

On the other hand, the viscous contribution is described by the loss modulus (G′′), and this factor is144

determined by the energy dissipated during the measurements [30, 33]. In all experiments, G′′ was found145

to be more than one order of magnitude smaller than G′ over the entire duration of the measurements,146

resulting in a loss factor that was below 1 (Supporting Information Figures S3, S4). The evolution of147

the storage modulus was used as an indicator of the structural build-up of the pastes due to hydrate148

precipitation during the hydration process.149

For the SAOS measurements, 10.0 g of the C3A MS was weighed into a plastic cup, and DI water or150

the salt solutions were added according to the dosages described before. The mixture was stirred for151

1min at 600 rpm by a mechanical stirrer equipped with a propeller paddle. An appropriate amount of152

the pastes was immediately placed on the serrated bottom plate. The measurements started at 2min 30 s153

after the addition of solutions and were carried out continuously for 3 h.154

2.3 Isothermal calorimetry155

The reaction heat during the hydration of C3A/quartz model systems in the presence of the sodium156

salts was measured on an eight-channel isothermal calorimeter (TAM Air, TA Instruments, USA) at157

20 ◦C. Custom mixers (Bohr-O-Mir 4000, Technisch Zeichnen Grassl, Germany)[40] equipped with three158

T-shape paddles in a planetary mixer configuration were used. allowing the addition of solutions and159

mixing of pastes in the calorimeter. The sample vials were composed of a plastic/graphite composite,160
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and the mixers were driven by an electrical motor at 600 rpm. For each experiment, 3.0000(5) g of the161

C3A MS was weighed into the sample vials. The solutions were prepared according to the desired dosages162

and were weighed into the three syringes corresponding to a w/s of 0.8 and a precision of ±0.5mg.163

The syringes and sample vials were mounted on the in-situ mixers and placed in the calorimeter for164

thermal equilibration at the calorimeter temperature of 20 ◦C overnight. Quartz sand with the same165

heat capacity as the samples was used as a reference sample. After baseline determination, the powder166

was pre-mixed for 10 s, the solution was injected, and stirring was continued for 60 s. Experiments were167

run for 3 h, and the heat flow data was normalized to the C3A content of the suspensions.168

2.4 Thermodynamic modeling169

We used Reaktoro [41] in combination with the Cemdata18 database [42] to calculate the thermodynamic170

equilibria for the combinations of the sodium salts and the C3A model system. The equilibrium171

composition of the different mixes was calculated for different C3A hydration degrees. Since the172

experiments were conducted at room temperature, microcrystalline Al(OH)3 was allowed to precipitate173

during the modeling [42, 43]. Since the formation of katoite (C3AH6) is kinetically hindered at room174

temperature, it was not allowed to precipitate during the modeling, as the experiments (SAOS and175

calorimetry) were only run for 3 h [8, 10]. C2AH7.5 was used as thermodynamic product instead of176

C2AH8, as C2AH8 is not included in the Cemdata18 database [42]. During the reaction of Na2SO4 and177

C3A, the U-phase (4 CaO ·0.9 Al2O3 ·1.1 SO3 ·0.5 NaO ·16 H2O), a sodium-substituted AFm phase could178

also theoretically precipitate [38, 44, 45]. However, this phase was not identified during in-situ XRD179

experiments, so it was excluded from subsequent thermodynamic modeling.180

2.5 In-situ X-Ray Diffraction181

The precipitation of the hydrate phases during hydration was followed by in-situ XRD. Diffractograms182

were recorded by using a Bruker D8 Advance diffractometer equipped with a Cu-source and a VÅNTEC-1183

detector (12◦ 2θ detector opening). The diffractometer optics consisted of a divergence slit with 0.2◦184

and primary and secondary soller slits of 2.5◦.185

Pastes were prepared the same way as for the SAOS measurements and filled in the sample holder186

immediately after mixing. The pastes were covered with a 7.5 µm thick polyimide film to prevent water187

evaporation during the measurements. Starting at 10min after mixing, a diffractogram was collected188

every 15min (7 – 50◦ 2θ). The in-situ XRD measurements were carried out for a total duration of 3 h.189

The following structure files with ICSD codes were utilized for analyzing the relevant phases through190
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qualitative methods with the Topas-Academic V7 software [46]. C3A cubic (1841) [47], quartz (174) [48],191

ettringite (155395) [49], Friedel’s salt (C4ACl2H10, 62363) [50], nitrate AFm (C4A(NO3)2H10, 280171) [51],192

monocarbonate (MCB, 59327) [52], and hemicarbonate (HCB, 263124) [53]. Additionally, a hkl-Phase193

model adapted from Goergens et al. for C2AHx was used to describe the precipitating C2AH8 phase [54].194

hkl-Phase models, according to Bergold et al., were used to model the residual water and the Kapton195

film during in-situ XRD [55].196

2.6 Hydration stoppage and scanning electron imaging197

The pastes used for scanning electron microscopy (SEM) experiments were prepared following the198

same procedure as for SAOS and in-situ XRD measurements. The pastes were stored in tightly sealed199

plastic cups with a wet cloth between the lid and the cup to prevent evaporation during the hydration200

process. Hydration was stopped using the solvent exchange method with isopropanol, following the201

recommendations of Mantellato et al. and Snellings et al. [56, 57]. After 3 h, 5 g of the pastes were202

immersed in 50mL of cold isopropanol. The mixture was stirred for 15min. The mixture was then203

poured onto a Büchner filter equipped with a polyamide filter (mesh size 0.20 µm), and the isopropanol204

was removed. The residue was rinsed twice using cold isopropanol. The filter paper and residue were205

placed in a crystallization dish and dried for two days at room temperature under a dry nitrogen flow.206

Electron micrographs were captured using a Hitachi TM1000 scanning electron microscope at 15 kV207

acceleration voltage and a magnification of 5000. Before imaging, the samples were coated with a gold208

layer to improve the samples’ conductivity and avoid charge artifacts.209

3 Results and Discussion210

3.1 Early Reactivity of C3A with Sodium Salts – Heat of Hydration211

The intricate dynamics of C3A paste hydration are not trivial to study, especially in the first few212

minutes. In-situ isothermal calorimetry provides experimental insight into the very early hydration213

kinetics. We mixed pastes containing C3A and quartz (10wt.%/90wt.%) in the calorimeter by adding214

an aqueous solution containing either Na2SO4, NaCl or NaNO3. The observed cumulative heats over215

3 h of hydration in the absence and presence of the three sodium salts at dosages of 2000 µmol g−1
216

are displayed in Figure 2 on the left. The complete set of raw data of the calorimetric experiments is217

provided in the Supporting Information (Figure S1). The addition of the sodium salts decreases the218

early heat compared to the reference sample of C3A that was hydrated solely in pure water. Although219
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other authors [16, 58] have reported sodium sulfate as the least effective of various alkali sulfates in220

reducing the dissolution rate of C3A, our findings show a significant decrease in early heat in the presence221

of Na2SO4. The heat of hydration after 3 h is reduced from 893.6 J g−1 (reference) to 596.1 J g−1 with222

NaNO3, 578.9 J g−1 with NaCl and 323.2 J g−1 with Na2SO4. NaNO3 and NaCl modified the hydration223

kinetics to a comparable extent. The presence of Na2SO4 has the most significant effect on the hydration224

rate of the C3A suspension.225
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Figure 2: Left: Cumulative heat over 3 h of hydration of the C3A MS in pure water (Ref) and in the
presence of the three sodium salts at dosages of 2000 µmol g−1 C3A. Right: Cumulative heat
for different salt dosages after 3 h of hydration. In the absence of sodium salts, the cumulative
heat determined after 3 h is marked as a dashed gray line.

To assess the impact of increasing sodium salt dosages on C3A hydration, we plotted the cumulative226

heat at 3 h against the respective dosages (Figure 2 right). Increasing the salt dosage from 400 to227

1000 and 2000µmol g−1 caused an approximately linear decrease in heat after three hours for all three228

tested salts. The heat decreases in the presence of NaCl and NaNO3 are similar but significantly229

smaller than for Na2SO4. The highest dosage of 2000 µmol g−1 of Na2SO4 reduced the heat after 3 h230

by almost 65%. To summarize, the sodium salts reducing the heat after 3 h in the following order:231

NaNO3 ≈ NaCl < Na2SO4.232

3.2 Structural Build-Up – Small Amplitude Oscillatory Shear (SAOS) Tests233

We determined the structural evolution of C3A pastes (comprising 10wt.% C3A, 90wt.% quartz, and a234

water-to-solid ratio of 0.8) during hydration using oscillatory SAOS tests. These tests were performed at235

a strain of 10−4 and an angular frequency of 1 rad s−1, in both the absence and presence of sodium salts.236

The selected strain was within the linear viscoelastic regime (LVR) of the C3A pastes. Figure 3 illustrates237

two examples, showing the evolution of storage and loss moduli for C3A hydrating in pure water (Ref,238

black) and with sodium sulfate (2000 µmol g−1, blue). In both systems, representing our study’s highest239
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and lowest initial storage moduli, the storage modulus measurements consistently exceeded the loss240

modulus throughout the experiments. The loss factor, i.e., the G′′/G′ ratio, remained below 1 for all241

samples (Supporting Information Figure S4), suggesting that the samples’ elastic behavior was dominant.242

Hence, the evolution of the storage moduli serves as a reliable indicator of structural build-up in the243

C3A pastes.244
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Figure 3: Development of storage modulus G′ (solid lines) and loss modulus G′′ (dashed lines) for C3A
MS hydrating in pure water (Ref, black) and in the presence of sodium sulfate (2000 µmol g−1

C3A, blue).

Figure 4 displays the storage modulus development over 3 h for C3A MS in pure water (Ref) and with245

various sodium salts (NaNO3, NaCl, and Na2SO4) at 2000 µmol g−1. The addition of Na2SO4 reduces246

the initial storage modulus from 0.35MPa to 1.15 × 10−3MPa, a reduction of more than two orders247

of magnitude compared to the reference. Sodium chloride and nitrate moderately reduce the storage248

modulus during the initial minutes of hydration. The order of the sodium salts’ impact on the early249

storage modulus of the C3A paste is as follows: nitrate < chloride < sulfate. During the first 3 h, G′
250

increases by nearly four orders of magnitude in the presence of sodium sulfate, a more significant change251

than observed in the reference and C3A paste with sodium nitrate and chloride.252

To further clarify the effect of varying sodium salt dosages, we plotted the storage modulus G′ at253

the age of 3min and after 3 h against each salt’s dosage (Figure 5). A significant decrease in the initial254

storage modulus was observed with increasing dosages of sodium sulfate. The addition of NaCl at255

400 µmol g−1 led to an 84% initial reduction in G′, followed by only modest additional reductions at256

higher dosages. Finally, the initial storage moduli for all NaNO3 containing samples were also lower than257

the reference. At the lower concentrations of 400 µmol g−1 and 1000 µmol g−1, the reduction is small but258

reaches 74% at the highest dosage of 2000 µmol g−1.259

After three hours of hydration, the reference mixture reached a storage modulus of 40MPa. The260
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relative differences between the samples are significantly smaller than those for the initial G′ values261

at 3min. The highest dosage of Na2SO4 resulted in the smallest G′ value of approx. 9MPa. The 3 h262

storage modulus was only minimally affected by higher salt dosages. These findings confirm that the263

very early viscoelastic properties of the C3A suspension can be significantly modified by varying the264

sodium salts and their dosages.265

3.3 The Relation Between the Storage Modulus and Heat of Hydration266

The sodium salts significantly alter the structure build-up, i.e., the increase of the storage modulus of267

the C3A paste. Recently Michel et. al. proposed that the storage modulus depends on the number of268

contact points f(N) between the particles and the stiffness of the bonds f(σ) between the particles [59].269

The stiffness of the bond between the particles depends on the stiffness and number of hydrate phases270

interconnecting the particles. It is reasonable to assume that the number of contacts between the large271

particles, i.e., quartz and C3A, remains constant during hydration. Therefore, the structural build-up, as272

determined by the temporal evolution of the storage modulus G′, is mainly dependent on the evolution273

of the bond stiffness f(σ) between the particles. This stiffness is a function of the hydration progress, i.e.,274

the formation of hydrate phases between the particles. Therefore, the temporal evolution of the bond275

stiffness is a function of the heat of hydration H, i.e., σ(H), and an exponential relationship between276

the storage modulus G′ and the heat of hydration H has been reported [59].277

G′ = aebH (1)

The fitting parameter a is related to the number and geometry of particle-particle contacts in the278

percolated network, and b is related to the bond stiffness between the particles. Thus, equation 1 captures279

the different micro-structural and mechanical properties of chemically different hydrate phases. We fit280

the storage modulus development using equation 1 in the first 3 h of hydration (Supporting Information281

Figure S8). The poor fit of equation 1 to the experimental data reveals that the development of the282

storage modulus can not be described using a single exponential function.283

Upon closer inspection, the curves appear to have up to three linear domains in the semi-logarithmic284

plot. This is best seen in the data for the mixture containing 1000 µmol g−1 of NaCl (Figure 6). The285

slope in the first domain (approximately between 0 – 50 J g−1) is the steepest, i.e., in this hydration phase,286

the relative stiffness increase with progressing hydration is large in the semi-logarithmic representation.287

We tentatively assign this behavior to the initial formation of hydrate phases between the particles in288

the percolated network. While the particle network is held together by van-der-Waals forces before the289
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onset of hydration, the appearance of the first hydrates will bridge the particles at their contact points290

and, therefore, increase bond stiffness. In the second domain, the network stiffness further increases due291

to an increase in the number of new hydrate phases bridging the particles and the growth of the existing292

hydrate phases. The third domain exhibits the smallest slope. We speculate that another change in293

the solidification mechanism is responsible for this change in slope. Section 3.4 shows that different294

phases can form with progressing hydration by thermodynamically modeling the phase composition.295

It is beyond the scope of this study to investigate the microstructural origin of the different domains.296

However, we note that Michel et al. report that the hydration of C3S in water comprises only one297

domain, i.e., the storage modulus can be fitted by equation 1. In contrast to the experiment of Michel,298

we study the hydration of C3A with and without sodium salts. This means that we form either AFm299

phases or ettringite (in the case of Na2SO4) and AH3 instead of C-S-H and CH. Furthermore, the300

chosen concentrations of the sodium salts are insufficient for the full conversion of the C3A into the301

respective chloride, nitrate, or sulfate-containing AFm compounds. Consequently, depending on the302

sodium salt dosage, the system also forms microcrystalline Al(OH)3, C2AH7.5 and C4AH19 (see section303

3.4 on thermodynamic modeling). When the chemistry of the forming hydrate phases changes, we can304

expect a change in the slope b. Therefore, we speculate that the difference in domains II and III might305

be caused by a switch to a different hydrate phase.306

I II III

Heat
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e

M
od
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us

Figure 6: Storage modulus of the NaCl 1000 µmol g−1 sample in a semi-log diagram. Right: idealized
scheme of the storage modulus development.

As we have different domains, we fit the data with a piecewise exponential function composed of two307

exponential functions of the type discussed above in equation 1. Although the experimental data seems308

composed of three domains (see above), all three are rarely distinguishable; the data often contains309

domains I and II or II and III (see below). Consequently, a two-domain model is reasonable for describing310

the data. In most experimental curves, the missing third domain, either I or III, can be explained311
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Table 1: Piecewise exponential fit results.

Additive Dosage [µmol/g Binder] a [MPa] Hp [J/g] Domains b1 b2

Na2SO4 400 0.48 138.5 I/II 0.0425 0.0062
Na2SO4 1000 1.93 237.0 I/II 0.0384 0.0018
Na2SO4 2000 0.00 217.2 I 0.0375 0.0258
NaCl 400 2.33 263.4 II/III 0.0200 0.0029
NaCl 1000 2.31 371.6 II/III 0.0145 0.0039
NaCl 2000 0.00 280.4 II 0.0116 0.0079
NaNO3 400 1.32 232.7 II/III 0.0136 0.0047
NaNO3 1000 1.83 288.7 II/III 0.0112 0.0044
NaNO3 2000 2.48 407.7 II/III 0.0122 0.0063
Reference 0 1.88 214.5 (II)/III 0.0137 0.0029

by recognizing that it is unlikely to detect phase I for the fast-reacting system. Because the rheology312

measurement begins after 3min, we miss the structural development in the first three minutes. For the313

high concentration of Na2SO4, the hydration is sufficiently slowed down to reveal the large initial slope314

of phase I. On the other hand, our data miss the later phase III if the transition to phase III does not315

occur in the first three hours due to slower hydration. By fitting the piecewise function 2, we also obtain316

a partition point Hp, which separates the domains and use a, b1, b2 and Hp as fit parameters (Equation317

2). The results of the fits are shown in Table 1, and the graphical representation of the fits is given in318

Figure 7. The fit quality is good, which underlines the usefulness of the model.319

The fit values obtained by modeling are compiled in Table 1. The obtained fit values are consistent320

within a set of chemically similar systems, i.e., they are comparable for each added salt. For example,321

for NaNO3, we find growing values of Hp for increasing amounts of salt added while the slopes of both322

fitted domains stay approximately constant. In the case of NaCl, the trend is similar; however, at the323

highest concentration of 2000 µmol g−1, the last domain is not reached anymore within the duration of324

the experiment. Therefore, the value of Hp is less relevant here because the experimental data could also325

have been fitted with a single exponential function confirmed by the similarity of both slopes b1 and326

b2. Finally, the trend of the Na2SO4 containing samples is significantly different. The initial slope b1 is327

much steeper with values higher than all other systems. This is most likely associated with the stronger328

inhibiting influence of the sulfate ion and the chemical nature of the initial hydrate phase ettringite (see329

next section). As the similar b1 and b2 values indicate, we can not clearly distinguish two separated330

domains at the highest sodium sulfate concentration.331
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G′ =


aeb1H/Hp H ≤ Hp

aeb2H/Hp H ≥ Hp

(2)

Figure 7: Storage modulus versus heat for three different concentrations of sodium salts. The fit function
is shown as a dotted line; the experimental data is plotted as light, solid lines below the fit.

Table 2: Reactions of C3A with alkali salts. Cement notation was employed where possible to keep the
formulas succinct.

System Reaction
H2O 2 C3A + 20.5 H C4AH13 + C2AH7.5

NaCl 4 C3A + 36H + 6 NaCl 3 C3A ·CaCl2 ·10 H + AH3 + 6 NaOH
NaNO3 4 C3A + 36H + 6 NaNO3 3 C3A ·Ca(NO3)2 ·10 H + AH3 + 6 NaOH
Na2SO4 (AFt) 2C3A + 3NS + 38 H 3 C6AS3H32 + AH3 + 3 NH
Na2SO4 (AFm) 4 C3A + 3NS + 42 H 3 C4ASH12 + AH3 + 3 NH

3.4 Thermodynamic Modeling332

We model the phase evolution for the pastes comprising C3A and sodium salt to elucidate the hydrate333

phases responsible for the structural build-up. We calculated the equilibrium phases for all C3A MS334

mixtures with Reaktoro and the Cemdata18 database. Figure 8 depicts the equilibrium phase amounts335

as a function of the quantity of the dissolved C3A, and Table 2 shows the initial reactions of the336

systems. The formation of the metastable AFm phases, such as C2AH8 (Ca2Al2(OH)10(H2O)3), or337

C4AH19 (Ca4Al2(OH)14(H2O)12) depends on the reaction temperature. In our systems, C4AH19 is338

predicted to form in preference to C4AH13, given the high ratio of water to C3A (w/C3A = 8) [4, 60, 61].339

The thermodynamic stable product, however, is katoite (C3AH6, Ca3Al2O6(H2O)6) [10, 62]. However,340

in the absence of additional ions, AFm phases are kinetically formed as the first product during the341
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hydration of C3A [8, 11]. For this reason, the precipitation of katoite was not allowed to occur during342

the thermodynamic modeling. Furthermore, in the thermodynamic model, we did not include the quartz343

phase, which is present in the model system.344

The introduction of sodium chloride or sodium nitrate promotes the formation of AFm-type hydrates,345

notably Friedel’s salt (Ca4Al2Cl2(OH)12(H2O)4) and nitrate AFm (Ca4Al2(NO3)2(OH)12(H2O)4), along346

with Al(OH)3. After the added anion, such as nitrate, is depleted, the formation of C2AH7.5 is predicted,347

and the initially formed AH3 dissolves again.348

The addition of sodium sulfate alters the phase composition, primarily resulting in the formation349

of ettringite (C6AS3H32, Ca6Al2(SO4)3(OH)12(H2O)26) and microcrystalline Al(OH)3. As the sulfate350

ions diminish in the pore solution, ettringite consumption ensues, favoring monosulfate as the dominant351

hydrate phase. Given the dosages in this study, the sodium sulfate amount is insufficient for converting the352

entire amount of C3A to monosulfate. Instead, at high conversions of approx. 70%, the microcrystalline353

AH3 dissolves and C2AH7.5 formation is expected in addition to the stable monosulfate.354

3.5 In-situ XRD analysis355

To compare the phase assemblage obtained from the thermodynamic models with experimental findings,356

we conducted qualitative in-situ XRD experiments during hydration of the C3A model suspension in the357

absence and presence of the sodium salts. The X-ray diffraction (XRD) patterns obtained after 3 h of358

hydration in the presence and absence of NaNO3, NaCl, and Na2SO4 at a dosages of 2000 µmol g−1 are359

presented in Figure 9.360

The most intense reflection of the inert quartz filler (26.4◦) is similar for all samples. The main361

reflection of C3A at 33.2◦ is reduced to varying degrees (highlighted in gray). C3A is almost completely362

consumed in the reference sample after 3 h. Furthermore, the reflection of C3A shows the highest intensity363

for the sample in the presence of Na2SO4, followed by NaCl and NaNO3.364

As expected, the conversion of the initially formed AFm phases to the thermodynamically stable365

katoite phase is not observed during the first 3 h. For the reference sample, C2AH8 was found to be the366

main hydration product (8.0◦, black pentagon). The c-lattice parameter of 64.5Å found in our sample367

exactly matches the value for C2AH8 detected by Goergens et al. in the C2AHx series [54]. We attempted368

to quantify the C2AH8 phase using the F-factor method described by Goergens based on the extracted369

scale factor. However, the resulting amount of 60wt.% C2AH8 calculated based on the internal standard370

method (using the inert quartz filler as internal standard) [63], in combination with the F-factor method371

[54], is almost six times higher than the maximum amount of 11wt.% C2AH8 that can precipitate if372
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Figure 9: XRD patterns after 3 h in pure water (w/s = 0.8) and in the presence of NaNO3, NaCl and
Na2SO4 in the dosage of 2000 µmol g−1 C3A. The gray area marks the main reflection of cubic
C3A at 33.2◦. Marker codes to highlight the main reflections of hydrate phases: C2AH8 =
black pentagon, monocarbonate/hemicarbonate = black triangle, nitrate AFm = green circle,
Friedel’s salt = orange square and ettringite = blue star.

all available C3A (5.55wt.%) is converted to this hydrate phase. We assume that C2AH8 preferentially373

precipitates at the interface of the polyimide film and is, therefore, over-determined compared to the374

other phases. Therefore, a quantification by Rietveld refinements was inaccurate for our suspension and375

was not further conducted for the experiments in the presence of sodium salts. Additionally, although we376

covered the samples with a polyimide film to prevent evaporation of the pore solution and carbonation377

of the sample, we also detected some hemicarbonate and monocarbonate (broad reflection between378

10.0 – 11.0◦) (black triangle) in the reference mixture.379

In each of the three samples hydrated in the presence of sodium sulfate, chloride, or nitrate, we detect380

only one distinctive hydrate phase after three hours (Figure 9). Specifically, the sodium nitrate sample381

exhibits a reflection at 8.4◦ with a basal d -spacing of 10.5Å (green circle). The values determined are382

in agreement with those described by Balonis et al. for nitrate AFm in wet conditions (≈ 100% RH)383

[21]. Therefore, the formation of nitrate AFm was observed exclusively in the sodium nitrate-containing384

sample. The reflection at 11.0◦ in the sample hydrated in the sodium chloride solution can be related to385

the chloride containing AFm phase, Friedel’s salt (orange square) [22]. Furthermore, ettringite (blue star)386

is the only hydrate phase precipitating after 3 h of hydration in the sodium sulfate solution, also observed,387

for example, by Liu et al. as hydration product of pure cubic C3A in the presence of Na2SO4 (w/s = 1)388

[18]. Electron microscope images of the precipitated hydrate phases for all systems are provided in the389

Supporting Information (Figures S6 and S7). The characteristic reflection of the U-phase (at approx.390

8.5◦) was not observed [38, 44, 45]. Accordingly, the U-phase was excluded from the thermodynamic391
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modeling. Katoite was not detected during the initial 3 h hydration in any of the experiments.392

In conclusion, AFm phases precipitate when C3A hydrates in pure water or the presence of NaCl and393

NaNO3 in the first 3 h of hydration. The main hydrates identified by XRD analysis are C2AH8 with394

pure water, Friedel’s salt with NaCl, and nitrate AFm with the addition of NaNO3. The presence of395

sodium sulfate leads to the formation of ettringite. In the presence of 2000 µmol g−1 of sodium salts, we396

could not detect the predicted AFm phases C2AH8 or C4AH19. Furthermore, despite being expected397

from the modeling, monosulfate was not detected in the first 3 h by XRD.398

4 Conclusions399

The control of the hydration kinetics and viscoelastic properties is critical for cementitious binders.400

The early properties of highly SCM-containing sustainable cements will continue to be determined by401

the OPC component due to its greater initial reactivity than SCM. Li et al. recently highlighted the402

beneficial utilization of aluminate phases in OPC systems, leading to an increased ettringite formation403

through a selective hydration control additive [25]. Therefore, it is essential to improve the understanding404

of the control over the hydration reactions of aluminate phases in OPC and their effect on kinetics and405

viscoelastic properties.406

We used in-situ calorimetry and XRD to characterize the hydration of a C3A model suspension407

containing different amounts of alkali salt. The intensity of the early C3A hydration was attenuated in408

the order Na2SO4 > NaCl ≈ NaNO3. However, the initial C3A hydration was not fully inhibited by any409

of the evaluated salt concentrations. The XRD analysis confirmed ettringite formation, Friedel’s salt,410

and mononitrate in the presence of the corresponding alkali salts. However, we could not detect AH3 or411

AFm phases like monosulfate and C4AH19 that are predicted to form based on thermodynamic modeling.412

Due to the modified hydration pathway, the sodium salts also influenced the viscoelastic properties.413

In contrast to the hydration of C3S in water, the relationship between the storage modulus and the heat414

of hydration can not be modeled with a single exponential function. We fitted the data with a piecewise415

exponential function containing two exponential functions. The complex relationship between storage416

modulus and heat suggests that different microstructural mechanisms control the strength build-up in417

C3A, alkali salt systems. The details of a multi-step stiffening reaction need to be investigated in future418

studies.419

This study complements recent works published by other research groups (for example: [16, 27, 35, 38,420

58]), as it demonstrates the ion-specific effects on C3A hydration, accompanied by insights into phase421
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evolution and viscoelastic properties. It also extends the understanding of the effects of C3A hydration422

and hydrate precipitation on the structural development of a cementitious model suspension. The precise423

control, especially of highly reactive clinker phases such as C3A, while ensuring constant workability, can424

further contribute to the transition to a sustainable construction sector.425
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