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Hybrid cements are composites made of Portland cement or Portland clinker and one or more supplementary cementitious materials like slag, fly ash or metakaolin, activated with an alkali salt. To date, their hydration mechanism and the phase formation at various temperatures is insufficiently understood, partly due to the large variability of the raw materials used. In the present study, three hybrid cements based on ground granulated blast furnace slag, fly ash, Portland clinker and sodium sulfate, and an alkali-activated slag/fly ash blend were cured at 10 and 21.5°C, and subsequently analyzed by XRD, 27Al MAS NMR, and TGA. The compressive strength of the hybrid cements was higher by up to 27% after 91-day curing at 10°C, compared to curing at 21.5°C. The experimental results as well as thermodynamic modeling indicate that the differences in compressive strength were related to a different phase assemblage, mainly differing amounts of strätlingite and C-N-A-S-H, and the associated differences of the volume of hydration products. While the strätlingite was amorphous to X-rays, it could be identified by 27Al MAS NMR spectroscopy, TGA and thermodynamic modeling. The microstructural properties of the hybrid cements and the alkali-activated slag/fly ash blend as well as the compatibility between thermodynamic modeling results and experimental data as a function of curing temperature and time are discussed.
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1 INTRODUCTION
Cements based on low amounts of ordinary Portland cement (OPC) or Portland clinker and high fractions of supplementary cementitious materials (SCMs), activated with an alkali salt, are often called hybrid cements. Their chemical composition is intermediate between those of OPC and alkali-activated materials (AAMs) (Shi et al., 2011). The purpose of the activator is to increase the rate of dissolution of the SCMs to accelerate the formation of calcium sodium aluminium silicate hydrate (abbreviated as C-N-A-S-H in cement notation) and other cementitious phases and, thus, setting and hardening of the cement (Garcia-Lodeiro et al., 2016). The main hydration product of hybrid cements is C-N-A-S-H, a compound related to calcium silicate hydrate (C-S-H) present in OPC, formed by substitution of silicon with aluminium in the tetrahedral bridging sites of the silica chains and associated uptake of alkali ions to balance the negative charge arising from Al3+ in 4-fold coordination (Garcia-Lodeiro et al., 2016). As a result of the reduced amount of OPC and the high fraction of SCMs, hybrid cements usually exhibit significantly less heat of hydration than plain OPC, while maintaining sufficient high early compressive strength (Lee et al., 2003; Garcia-Lodeiro et al., 2013; Garcia-Lodeiro et al., 2016; Alahrache et al., 2017; Donatello et al., 2018; Mota et al., 2019; Fu et al., 2021; Gluth and Garel, 2021; Xue et al., 2021). In addition, there are chemical and mineralogical similarities between hybrid cements and the cements of ancient Roman concretes that have survived in a marine, i.e., strongly corrosive, saline, environment for several centuries (Jackson et al., 2013; Jackson et al., 2014; Jackson et al., 2018; Palomo et al., 2019), implying an excellent durability of concretes based on hybrid cements in salt-rich environments such as seawater (Palomo et al., 2019).
However, due to the variety of the applied activators and SCMs, the hydration process and phase assemblage of hybrid cements differ in various studies, and they are not fully understood to date. For example, the chemical compositions of ground granulated blast furnace slags (GGBFS) differ significantly between materials from different sources, especially regarding the amount of available silicon, alumina and magnesia, which influence the formation of hydration products of alkali-activated slags (Ben Haha et al., 2012; Bernal et al., 2014). As for hybrid cements, materials with fly ash as the sole SCM (Lee et al., 2003; Garcia-Lodeiro et al., 2013; Garcia-Lodeiro et al., 2016; Alahrache et al., 2017; Donatello et al., 2018) as well as materials with GGBFS as the sole SCM (Angulo-Ramírez et al., 2017; Mota et al., 2019; Fu et al., 2021; Gluth and Garel, 2021; Xue et al., 2021) have been studied in considerable detail. In contrast, studies of hybrid cements based on blends of GGBFS and fly ash (Gluth and Garel, 2021; Xue et al., 2021) are scarce, although a large amount of work on AAMs indicates that blending GGBFS with other SCMs can yield advantageous behavior and properties of the resulting materials, and previous experience shows that employment of such blends is a way to control the heat release and the setting times of hybrid cements (Gluth and Garel, 2021; Xue et al., 2021). Thus, it is desirable and necessary to understand the behavior of hybrid cements based on GGBFS/fly ash blends in more detail than is hitherto available.
A number of studies show that the hydration of OPC and blends with SCMs are sensitive to the curing temperature; viz. curing temperatures around 50–60°C greatly promote the early hydration of OPC and alkali-activated materials, leading to higher early compressive strength (Escalante-Garcia and Sharp, 1998; Escalante-Garcia, 2003; Lothenbach et al., 2007; Lothenbach et al., 2008; Sun and Vollpracht, 2018; Hu et al., 2020), but decrease the late strengths. The accelerated hydration of clinker phases, mainly alite, leads to heterogeneous formation of hydration products around the clinker particles and ultimately to a coarser porosity, which manifests in a lower compressive strength. At lower curing temperature a more homogeneous distribution of hydration products together with a lower porosity occurs in OPC, and thus a higher compressive strength is observed (Lothenbach et al., 2007). Additional factors that influence the compressive strength are the changes of morphology of C-S-H or C-N-A-S-H and the formation of additional hydration products, the amount of ettringite and the formation of different AFm phases (Matschei et al., 2007a; Matschei et al., 2007b; Lothenbach et al., 2008; Bahafid et al., 2017).
While several studies have investigated conventional cements (OPC and OPC-SCM blends) in this regard, the influence of the curing temperature on the phase assemblage and strength of hybrid cements has not yet been studied in detail. This issue is of general relevance, as concrete placement and curing often takes place at temperatures below standard laboratory temperatures. Moreover, the influence of curing temperature is particularly important in applications where hybrid cements are used below-ground at low temperatures. Examples are sealing structures in underground waste storage facilities, for which hybrid cements appear to particularly adequate, due to their low heat of hydration.
To investigate the influence of curing temperature on the properties of hardened hybrid cements based on GGBFS/fly ash blends, four cements were produced in the present study from varying fractions of Portland clinker (Pc; 0–14 wt%), ground granulated blast furnace slag (GGBFS; 32–38 wt%), fly ash (FA; 49–58 wt%), and sodium sulfate (2–4 wt%) as activator. The resulting cement pastes were cured at 10 and 21.5°C, for durations of 28 and 91 days. Compressive strength testing, X-ray diffraction (XRD) measurements, thermogravimetric analysis, 27Al magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy and thermodynamic modeling were performed to analyze the phase assemblages and deduce their influence on the properties of the hardened cements.
2 MATERIALS
2.1 Starting materials
The hybrid cements were prepared with a Portland clinker CEM I 42.5 R (Pc), obtained from a cement manufacturer. The Pc granules were ground for 18 s in a disk mill, and the powder was sieved (mesh width = 0.90 mm); grains exceeding the mesh width were ground for further 18 s and sieved again. GGBFS and a hard coal FA were the used as SCMs. The chemical compositions of the starting materials, determined by ICP-OES after total microwave digestion, are shown in Table 1. The employed sodium sulfate (Na2SO4) was of analytical grade.
TABLE 1 | Chemical compositionsa(in wt%) of the starting materials.
[image: Table 1]The X-ray diffraction (XRD) patterns of the starting materials are shown in Figure 1. The amounts of the phases present in Pc and FA were obtained by Rietveld quantitative phase analysis (RQPA); the results are shown in Table 2 (for measurement conditions Section 3.2). The GGBFS was almost completely amorphous, indicating a highly reactive state, but a small quantity of merwinite was identified through a minor reflection at 33.3° 2θ.
[image: Figure 1]FIGURE 1 | XRD patterns of the starting materials. Major reflections are labelled C4AF, ferrite; A, alite; B, belite; C3A, tricalcium aluminate; G, gypsum; Cc, calcite; M, mullite; Q, quartz; H, hematite, *, zincite (internal standard).
TABLE 2 | Phase assemblages (in wt%) of the starting materials Pc and FA.
[image: Table 2]The densities of the Pc, the GGBFS, the FA and the sodium sulfate were 3.17, 2.92, 2.37 and 2.66 cm3/g, respectively. The median particle sizes (d50) of the Pc, the GGBFS and the FA were 15.5, 13.0 and 10.2 µm, respectively. The particle size distributions of the starting materials, determined by laser granulometry after dispersion in isopropanol, are shown in Supplementary Figure S1 in the Electronic Supplementary Material.
2.2 Sample preparation
Cements were designed by varying the amount of Pc between 0 and 14.4 wt%, and the activator dosage in the range 2–4 wt%, at a constant GGBFS/FA mass ratio of 1:1.5. The activator (sodium sulfate) dosage range was specified based on previous studies, which indicate that this range yields optimum performance (Donatello et al., 2018; Mota et al., 2019; Fu et al., 2021; Gluth and Garel, 2021). All cements were mixed with deionized water at a water/cement (w/c) ratio of 0.35 by mass to obtain workable pastes (c comprises all solid components, including the sodium sulfate). The mix designs are presented in Table 3. The samples are designated CxSy according to the contents of Portland clinker (C) and sodium sulfate (S) in the dry cement, with x and y representing the respective fractions in the formulations. Since C0S4 contained no Pc, it is not a hybrid cement in the strict sense; it is more appropriately referred to as alkali-activated GGBFS/FA blend.
TABLE 3 | Mix designs of the cement pastes.
[image: Table 3]Mixing of the cement pastes was done in a planetary centrifugal mixer at a rotation speed of 1250 rpm for 240 s. Subsequently, the pastes were filled into silicon molds with dimensions of 20 mm × 20 mm × 20 mm, which were sealed with polyvinylchloride film and stored at 10°C or 21.5°C until measured. The cubic specimens were removed from the molds and used to measure the compressive strength after 28 and 91 days of curing. Fracture pieces obtained by strength testing were used for the microstructural analyses.
3 METHODS
3.1 Compressive strength testing
Compressive strength testing was conducted using a ToniPRAX device in accordance with DIN EN-196-1:2019 but with only one 10th loading rate (240 N/s) to allow for the dimensions of the specimens (20 mm × 20 mm × 20 mm). For all cement samples, the average compressive strength from three replicates is presented below with the respective standard deviation.
3.2 X-ray diffraction
Prior to the XRD measurements, the hydration of the hybrid cements was stopped after 28 and 91 days of curing. To this end, fracture pieces were crushed manually, and subsequently 50 ml of isopropanol were added. Exchange of isopropanol was done after 3 h, 1 day, and 3 days. After a total duration of 7 days, the pieces were rinsed (on type 1025 filter paper) using additional isopropanol. Thereafter, the samples were dried at 40°C for 24 h. Subsequently, a fine powder for XRD measurements was obtained by grinding in a McCrone ‘micronizing’ mill. 3 g of the dry pieces were dispersed in 10 ml isopropanol and ground for 3.5 min at medium speed. The resulting slurries were dried at 40°C overnight. The obtained powders were filled into the XRD sample holders by side loading to minimize preferred orientation effects.
Powders of the unhydrated starting materials (Pc, GGBFS and FA) were obtained by manually grinding the materials with mortar and pestle. The powders were filled into the sample holders by side loading to minimize preferred orientation effects.
XRD measurements were performed on a Rigaku Ultima IV device using Cu Kα radiation (λ = 1.5419 Å) in Bragg-Brentano geometry. The parameters for the XRD measurements were set to: cathode at 40 kV/40 mA, 1/6°/10 mm divergence slit, scanning range 7–95°2θ, sampling interval 0.01°2θ and scanning speed 0.2°2θ/min.
Rietveld qualitative phase analysis (RQPA) of the Pc and the FA was done by using TOPAS-Academic v.5. LaB6 (NIST Standard Reference Material 660c) was used to determine the device parameters. Zincite (10 wt%) was added to FA before grinding, but not to the Pc [an amorphous fraction of ∼0% was assumed (Snellings et al., 2014), i.e., RQPA performed without internal standard]. Additional measurements on the zincite were performed to refine its structure under the applied measurement conditions; the obtained zincite structure file was used in the RQPA. The crystallography information files, containing the crystal structures for refinement, were taken from the ICSD and COD databases (Supplementary Table S1). Variations of the lattice parameters were allowed to max. 0.05 nm to keep the refinement stable. All peaks were fitted with fundamental parameter functions.
3.3 Thermogravimetric analysis
As for the XRD analyses (Section 3.2), the hydration was stopped in isopropanol, and fracture pieces of the samples were dried at 40°C. Fine powders of the samples were produced by manually grinding with mortar and pestle (agate). The preparation was done as gentle as possible; however, slight alterations of the hydrated phase assemblage (e.g., dehydration) cannot be excluded.
Thermogravimetric analyses were performed with a Netzsch STA 449 C Jupiter device. Sample masses of 10 mg were used for the TGA, which was conducted under flowing nitrogen gas at a heating rate of 10 K min−1, starting at 40°C.
3.4 Nuclear magnetic resonance spectroscopy
Portions of the sample powders prepared for the XRD analyses (Section 3.2) were used for the 27Al MAS NMR spectroscopy measurements.
Solid state single pulse 27Al MAS NMR experiments were carried out on a Bruker Avance III HD 500 spectrometer at 11.7 T, yielding a Larmor frequency of 130.32 MHz, using a 4.0 mm dual resonance CP/MAS probe at a spinning speed of 12.5 kHz. The spectra were acquired using a 1.7 μs selective (π/6) excitation pulse, a relaxation delay of 10 s and a total of 256 scans. Chemical shifts were referenced to 1.0 M aqueous Al(NO3)3 at 0 ppm.
3.5 Thermodynamic modeling
Thermodynamic modeling was carried out using the Gibbs Energy Minimization Software (GEMS) (Wagner et al., 2012; Kulik et al., 2013) with the Cemdata18 database (Lothenbach et al., 2019) and the Nagra/PSI thermodynamic database.
Since the alkaline activator, sodium sulfate, forms sodium hydroxide in solution (Donatello et al., 2018), the simulation of the activity coefficients was done with the extended Debye-Hückel equation for NaOH-dominated solutions (Helgeson et al., 1981; Myers et al., 2015):
[image: image]
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where I (mol kg−1) is the ionic strength of the solution, zj is the charge and cj the concentration of ion j in solution, and summation of their product is done over all ions in solution. Aγ (kg0.5 mol−0.5) and Bγ (kg0.5 mol−0.5 cm−1) are temperature- and pressure-dependent electrostatic parameters, xjw (mol) is the molar quantity of water, and Xw (mol) is the total amount of aqueous phase. The average ionic size is denoted by [image: image] (Å), while the parameter bγ (kg mol−1) accounts for the common short-range interactions of the charged species. For NaOH-dominated solutions, [image: image] is 3.31 Å, and bγ is 0.098 kg mol−1. All simulations, unless stated differently, were done with exclusion of gaseous components.
The bulk composition, represented by the relative amounts of oxides available to form the hydration products of the hybrid cements, is given by the composition of each starting material, their fractions in the hybrid cements, and the degree of hydration of each starting material. The total amount of each implemented oxide (OX) is
[image: image]
with OX being the relative amount of oxide in the paste, oi the fraction of oxide in the starting material i, Di the degree of hydration (DoH) of starting material i, and Fi the fraction of the starting material i in the paste.
While the chemical compositions and the fractions of each starting material are known for the cements (Tables 1, 3), the degree of hydration for each starting material had to be estimated. The degree of hydration of Pc used in the present study can be estimated by the equations proposed by Parrot and Killoh (1984) for neat OPC with the modifications by Lothenbach et al. (2008), or the equations by Taylor (1987) for blends of OPC and fly ash. The latter yield a DoH of 81% for Pc after 28 days if a blend of 48% Pc and 52% FA is assumed, while the former yield a DoH of 66% at the same curing duration. Both estimates are in reasonable agreement with experiments (Mota et al., 2019) for hybrid cements, composed of 30% white Portland cement and 70% GGBFS, activated with Na2SO4. In these experiments, the DoH of the Portland cement was determined to be (70 ± 3) % after 28 days of curing. For the present simulations, a DoH of 70% for Pc in the hybrid cements was used. The DoH of the GGBFS was assumed to be 60%, following earlier estimates (Myers et al., 2015; Myers et al., 2017). According to experimental findings of De Weerdt et al. (2011), the DoH of the fly ash was assumed to be 20%. To simplify the complex chemistry of hybrid cements, the used thermodynamic model is based on a congruent dissolution of the raw materials.
The thermodynamic model for C-N-A-S-H was chosen to be the CNASH_ss model (Myers et al., 2014), designed for sodium- and aluminium-substituted C-S-H in AAMs and hybrid cements. The potential formation of N-A-S-H was considered by including zeolite X [Na2(Al2Si2.5)O9(H2O)2] as an allowed phase in the modeling, because of its similar chemical composition and solubility (Gomez-Zamorano et al., 2017; Lothenbach et al., 2019; Walkley et al., 2020). The formation of gibbsite, goethite and hematite was excluded in the modeling because of kinetic restrictions (Lothenbach et al., 2019). Modeling included varying the hydration temperature in the range 5–100°C. All modeling results will be presented as phase assemblages referred to 100 g of hybrid cement (dry weight) with a w/c of 0.35.
Additional modeling was done in the presence of 500 g atmospheric air (equivalent to 0.075 g of CO2/g of cement) to simulate the formation of calcite (carbonation). As a check of the robustness of the results, modeling was also performed in which the DoHs of the Pc, the GGBFS and the fly ash, respectively, were varied by ± 10% from the DoHs assumed for the above modeling.
4 RESULTS AND DISCUSSION
4.1 Compressive strength
The compressive strengths of the hybrid cements cured for 28 and 91 days at 10 and 21.5°C are summarized in Figure 2. The standard deviations of the results were generally low, indicating a high reproducibility of the compressive strengths. After 28 days of curing, three of the cements achieved a higher strength for curing at 21.5°C temperature. The difference in compressive strength was most pronounced for C0S4: 23.6 MPa at 21.5°C versus 18.8 MPa at 10°C. Only C5S4 achieved a higher compressive strength at 10°C (18.8 MPa), compared to curing at ambient temperature (17.6 MPa).
[image: Figure 2]FIGURE 2 | Compressive strength of the hybrid cements after 28 and 91 days of curing at 10 and 21.5°C. The designations in the legend denote curing duration and curing temperature.
With extended hydration time an opposite relation between hydration temperature and compressive strength can be identified, i.e., after 91 days a higher compressive strength is observed for a curing temperature of 10°C for three of the cements, namely the hybrid cements C5S4, C5S2, and C14S4. Compared to 21.5°C-curing, their compressive strength was higher by 27% (C14S4), 17% (C5S4) and 26% (C5S2) for curing at 10°C, with a maximum strength of 40.5 MPa for C14S4. The cement without Pc (C0S4) achieved a higher compressive strength (35.6 MPa) after 91 days of curing at 21.5°C than for curing at 10°C, but the difference between the two compressive strengths was small (∼6%); moreover, the difference in compressive strength for C0S4 at the two different curing temperatures decreased with increasing hydration time.
In summary, while the alkali-activated GGFS/FA blend C0S4 exhibited the highest compressive strength for a curing temperature of 21.5°C at both curing times, the compressive strength of the hybrid cements C5S4, C5S2 and C14S4 tended to be higher for curing at 21.5°C after 28 days, but where always higher for curing at 10°C after 91 days.
4.2 Microstructural analyses
4.2.1 X-ray diffraction analysis
XRD analysis confirmed the presence of C-N-A-S-H as well as calcite in all four cements at all curing temperatures and curing durations (Supplementary Figures S2–S5). C-N-A-S-H was identified through the reflections of C-S-H (PDF# 00-034-0002). Its main reflection at approximately 29.4°2θ overlapped with a reflection of calcite (PDF# 00-005-0586), formed due to imperfect sealing of the samples during curing.
Figure 3 shows the XRD patterns in the range 5–25°2θ to focus on the diagnostic reflections of hydration products other than C-N-A-S-H. Ettringite (PDF# 00-041-1451) was formed in all hybrid cements, indicated by its main reflection at 9.1° 2θ. The stability of ettringite is favored by the high amounts of fly ash and sodium sulfate (Taylor et al., 2001; Lothenbach et al., 2011; Gluth and Garel, 2021), as the high sulfate content suppresses the formation of monosulfoaluminate. In contrast to the other hybrid cements, C14S4 contained portlandite (PDF# 00-044-1481) and small amounts of a meixnerite-type phase (Mg-Al layered double hydroxide, LDH; PDF# 00-038-0478). The main reflection of the meixnerite-type phase was broad, indicating that the phase was poorly crystalline. Portlandite is formed during the hydration of alite and belite, and it is consumed by GGBFS and FA to form C-S-H (or C-N-A-S-H in the present systems) via the pozzolanic reaction; accordingly, it could only be identified in hybrid cements with a sufficiently high amount of Pc (Alahrache et al., 2017). The reduction of the curing temperature to 10°C resulted in an increased intensity of the portlandite peak, which will be discussed below. In addition to these phases, mullite (PDF# 00-015-0776) and quartz (PDF# 00-046-1045), both unreactive impurities in the FA (cf. Figure 1 and Table 2), were identified in the diffractograms of all cements. No indications of crystalline AFm phases were found in the diffractograms.
[image: Figure 3]FIGURE 3 | XRD patterns of the hybrid cements C0S4 (A), C5S4 (B), C5S2 (C), C14S4 (D) after 28 and 91 days of curing at 10 and 21.5°C. Major reflections are labelled: E, ettringite; Mx, meixnerite (Mg-Al LDH); M, mullite; P, portlandite; Q, quartz. Reflections of strätlingite (blue), monocarboaluminate (green) and monosulfoaluminate (red) are presented as stick patterns below the diffractograms.
4.2.2 Nuclear magnetic resonance spectroscopy
Figure 4 shows the 27Al MAS NMR spectra of the hybrid cements after 28 and 91 days of curing at 10 and 21.5°C. The spectra contain resonance signals in the ranges of tetrahedrally coordinated Al (50–80 ppm), pentahedrally coordinated Al (20–50 ppm), and octahedrally coordinated Al (−5–20 ppm) (Walkley and Provis, 2019).
[image: Figure 4]FIGURE 4 | 27Al MAS NMR spectra of the hybrid cements C0S4 (A), C5S4 (B), C5S2 (C), C14S4 (D) after 28 and 91 days of curing at 10 and 21.5°C. The designations of the spectra denote curing duration and curing temperature.
The broad signal located around 55–80 ppm arises due to resonances in both 4-coordinated Al in the glassy phase of unreacted FA and GGBFS (Ben Haha et al., 2012; Bernal et al., 2013; Burciaga-Diaz and Escalante-Garcia, 2013; Myers et al., 2013; Murgier et al., 2014; Gardner et al., 2015), and 4-coordinated Al substituting for Si in the silicate chains of the C-N-A-S-H (Andersen et al., 2004; Sun et al., 2006; Bach et al., 2012; Walkley and Provis, 2019; Joseph et al., 2020). However, as these signals overlap within the same chemical shift region of the present spectra, they cannot be identified separately unambiguously. Nevertheless, resonances of 5-coordinated and 6-coordinated Al at approximately 40 ppm and 4–5 ppm, respectively, usually associated with C-A-S-H and assigned to the “third aluminate hydrate” (TAH) (Sun et al., 2006; Renaudin et al., 2009; Myers et al., 2015) or hydrated Al in the silicate chains (Kunhi Mohammed et al., 2020), are identified in the spectra of the cement pastes, confirming the formation of C-N-A-S-H. 4- and 6-coordinated Al in mullite is characterized by resonances at 45–50 ppm and 0 to −5 ppm, respectively (Sanz et al., 1984; He et al., 2004); however, these resonances cannot be identified unambiguously in the spectra, due to the low content of mullite in the hybrid cements.
A shoulder around 76 ppm is visible in the spectra of the hybrid cements C5S4, C5S2 and C14S4, but not in the spectra of C0S4. This signal is most prominent after 28 days of curing at 10°C for each of the three hybrid cements; furthermore, the signal is more intense in the spectrum of C14S4, compared to C5S2 and C5S4, i.e., its intensity increased with increasing Pc fraction. The signal can thus be assigned to remaining C3A, whose hydration is strongly delayed at high concentrations of sulfate ions (Joseph et al., 2020).
Besides the resonance of 6-coordinated Al in C-N-A-S-H, the region −5 to 20 ppm contains the signals of 6-coordinated Al in AFt and AFm phases. A strong signal at approximately 15 ppm and a partly overlapping peak or shoulder at 11.8–12 ppm are present in the spectra of all cement pastes (Figure 4). The signal at 15 ppm is attributed to ettringite, while the signal at approximately 12 ppm is generally related to AFm phases and/or Mg-Al LDH (hydrotalcite- or meixnerite-type phases) in hydrated cements (Skibsted et al., 1993; Jones et al., 2003; Myers et al., 2015; Walkley and Provis, 2019). The presence of ettringite in the cement pastes was shown by the XRD analyses; however, unequivocal evidence of AFm phases was not found in the XRD patterns (Figure 3). Poorly crystalline meixnerite was detected only in C14S4; nevertheless, the signal at 11.8–12 ppm was present in the 27Al MAS NMR spectra of all cement pastes. Notably, the intensity of this signal was highest for long curing times (91 days) and a low curing temperature (10°C) for the hybrid cement pastes C5S4, C5S2 and C14S4, while its intensity appeared to be less dependent on curing time and temperature for C0S4, which contained no Pc (Figure 4). It can thus be concluded that the signal is caused by an AFm or LDH phase that formed preferentially at low curing temperature and advanced age in the hybrid cements that contain Pc; this phase is likely strätlingite, as will be discussed below. If strätlingite was present, a signal of its 4-coordinated Al at 61 ppm could be expected in the 27Al MAS NMR spectra (Kwan et al., 1995; Sun et al., 2006; Dai et al., 2014; Frias and Martinez-Ramirez 2014). As with the resonances of 4-coordinated Al in the silicate chains of the C-N-A-S-H, discussed above, this signal can, however, not be identified separately in the present spectra because of the overlapping strong resonances of the unreacted FA and GGBFS.
4.2.3 Thermogravimetric analysis
The TGA/DTG curves of the pastes after 28 and 91 days of curing at 10 and 21.5°C are shown in Figure 5. The hybrid cement C14S4 showed the highest total weight loss (1000°C) for all curing durations and temperatures, which is likely due to this cement forming the highest amount of hydration products, caused by the high amount of Pc. For each of the four cements, there were differences between the total mass losses obtained for pastes cured under different conditions (duration and temperature); however, these were mainly related to the mass losses in the range 50–90°C, which are due to the decomposition of ettringite, C-N-A-S-H and possibly magnesium silicate hydrate gel (M-S-H) (Lothenbach et al., 2016; Bernard et al., 2019). As these phases are particularly prone to drying damage during sample grinding, these differences may not reflect actual differences between the phase abundances; consequently, the following analysis will focus on DTG peaks at higher temperatures.
[image: Figure 5]FIGURE 5 | TGA and DTG curves of the cement pastes C0S4 (A), C5S4 (B), C5S2 (C) and C14S4 (D) after 28 and 91 days of curing at 10 and 21.5°C. The designations in the legends denote curing duration and curing temperature.
A shoulder can be seen in the DTG curves of all cement pastes around 140°C, and a less intensive peak was observed in the temperature range 320–370°C. Based on published DTG curves (Matschei et al., 2007a; Matschei et al., 2007b; Lothenbach et al., 2012; Gluth et al., 2014; Lothenbach et al., 2016), these signals can be assigned to the decomposition of AFm phases (e.g. monocarboaluminate, monosulfoaluminate, strätlingite) or hydrotalcite- or meixnerite-type LDH phases. Additionally, the peak at 320–370°C could also be related to the decomposition of Al(OH)3. However, while a meixnerite-type phase was observed in C14S4 (Figure 3.), none of these phases were observed in the XRD patterns of the other cement pastes. Thus, it can be concluded that some amorphous or poorly crystalline AFm phase (s) and/or Al(OH)3 had precipitated in the cements. It can further be noted that there was a trend of a higher intensity of the corresponding peak at 320–370°C for the hybrid cement pastes cured at 10°C, compared to the pastes cured at 21.5°C.
The hybrid cement with the highest Pc content, C14S4, exhibited an additional signal at 410–430°C, which is assigned to the decomposition of portlandite (Lothenbach et al., 2016), in line with the XRD results (Figure 3.). However, the higher amount of portlandite for the pastes cured at 10°C, determined by XRD, was not fully reflected in the TGA/DTG results, which may be due to sampling effects, e.g., different degrees of carbonation of the samples used for XRD and TGA/DTG, respectively.
The mass losses at temperatures above ∼570°C are due the decomposition of CaCO3 (Thiery et al., 2007; Lothenbach et al., 2016), which were incorporated in the pastes as calcite from the anhydrous Pc, and which could form in addition during carbonation of the samples. It can be noted that the TGA/DTG curves of C14S4 exhibited three peaks in the relevant temperature range, indicating that different polymorphs of CaCO3 were present (Thiery et al., 2007), while only calcite was detected by XRD.
Two additional signals can be identified for C0S4 in the temperature range of 790–900°C. These are assigned to the decomposition of sodium sulfate (Wiedemann and Smykatz-Kloss 1981; Eysel et al., 1985) that had remained in the paste or formed during drying. Notably, the absence or very low intensity of these signals in the other hybrid cements indicates that the sodium sulfate had virtually completely reacted to ettringite, likely related to the higher availability of CaO in these latter cements.
4.3 Thermodynamic modeling
Figure 6 shows the modeled phase assemblages of the hybrid cements as a function of the curing temperature between 5 and 100°C in absence of CO2. The introduction of CO2 results in the formation of calcite but does not further alter the phase assemblage significantly (Supplementary Figure S6). In the relevant temperature range (10–21.5°C), the modeled hydration products are C-N-A-S-H, ettringite, strätlingite, meixnerite, M-S-H, Al(OH)3, ferrihydrite and zeolite X (N-A-S-H gel). The formation of ettringite is expected as a result of the high sulfate content, introduced by the activator. This phase and C-N-A-S-H were observed in all cement pastes by XRD (Figure 3, Supplementary Figures S2–S5). A significant amount of meixnerite was modeled only for C14S4, again in line with the XRD results.
[image: Figure 6]FIGURE 6 | Modeled reaction products of the cement pastes C0S4 (A), C5S4 (B), C5S2 (C) and C14S4 (D) as a function of the curing temperature in absence of CO2. Dotted lines mark 10 and 21.5°C.
No portlandite was modeled for C14S4, although it was found with XRD and TGA/DTG in this paste. This can be assigned either to a higher amount of available Ca in the cement pastes than what followed from the DoHs assumed for the thermodynamic modeling, or to kinetic effects, i.e., a slow consumption of portlandite through the pozzolanic reaction with GGBFS and FA. The latter appears more likely, as the amount of portlandite in the paste was found to be higher at 10°C than at 21.5°C (Figure 3).
N-A-S-H gel (modeled as zeolite X), Al(OH)3 in cement pastes and ferrihydrite are generally of poor crystallinity and are, thus, often not detectable by XRD. The formation of M-S-H was computed for C0S4, C5S4 and C5S2, i.e., for the cements with no or a low amount of Pc. M-S-H is also poorly crystalline and therefore cannot be easily identified by XRD. However, its formation is generally slow (Brew and Glasser, 2005; Bernard et al., 2019); thus, it cannot be conclusively decided whether this phase was present in the cement pastes or not.
The fact that strätlingite was modeled as a major hydration product in all cement pastes (except C0S4 cured at 21.5°C; see discussion below) strongly suggests that the AFm phase found by 27Al MAS NMR and indicated by the TGA/DTG results for all cements was strätlingite. Its occurrence is expected in systems with a high alumina availability such as the present cements, as has been previously shown by thermodynamic modeling of alkali-activated slags and OPC-SCM blends (Damidot and Glasser, 1995; Lothenbach et al., 2011; Myers et al., 2017). The failure to detect it by XRD in the present study is attributed to the fact that strätlingite is generally of poor crystallinity and thus gives only broad reflections in XRD patterns (e.g., Matschei et al., 2007a; Ke et al., 2017).
Thermodynamic modeling yields a significant change in the phase assemblage and total phase volume in the range approximately 12–35°C for C0S4 (Figure 6A) and around 22°C for C5S4 (Figure 6B). With increasing temperature, the amounts of zeolite X (N-A-S-H gel) and strätlingite decrease in both cements, while the amounts of Al(OH)3 and C-N-A-S-H increase. These changes occur gradually in C0S4, while the changes are more abrupt in C5S4. For the present samples it follows that curing at 10°C leads to a higher volume of hydration products than curing at 21.5°C, mainly caused by differing amounts of strätlingite and N-A-S-H gel (Figure 6; Table 4). The computed increase of the volume of hydration products with decreasing curing temperature provides an explanation for the observed dependence of the compressive strength of C5S4 on curing temperature (Figure 2), because the compressive strength of cement pastes depends essentially only on their porosity, which is inversely related to the volume of hydration products (Rößler and Odler, 1985; Odler 1991; Lothenbach et al., 2008; Mota et al., 2018; Mota et al., 2019). The actual dependence of phase assemblage on temperature, including the phase assemblages at 10 and 21.5°C, may differ slightly from the computed assemblages due to slight inaccuracies and kinetic effects. This may be the reason for the fact that an AFm phase was detected in C0S4 cured at 21.5°C, but strätlingite was modeled only for lower temperatures for this cement paste.
TABLE 4 | Modeled reaction products (in cm3/100 g cement) of the cement pastes C0S4, C5S4, C5S2 and C14S4 at curing temperatures of 10 and 21.5°C.
[image: Table 4]Thermodynamic modeling indicated that also for the alkali-activated GGBFS/FA blend without Pc (C0S4), the total volume of hydration products is higher for curing at 10 °C than for curing at 21.5°C, caused by a higher volume of strätlingite and N-A-S-H gel. However, this prediction was not confirmed by the compressive strengths of C0S4, which were higher for curing at 21.5°C than for curing at 10°C for both curing times (28 and 91 days). This discrepancy is likely related to the assumptions regarding the DoHs of the starting materials: while these obviously provide a good estimate of the DoHs in the hybrid cements (see also below), they seem not to be applicable to cement C0S4, at least up to a curing time of 91 days. This is particularly relevant for the formation of N-A-S-H gel, as this depends strongly on the relative availability of Na, Ca, Al and Si in the system, and thus on the DoHs of the FA and the GGBFS. Therefore, the computed amounts of N-A-S-H (modeled as zeolite X) in C0S4 and C5S4 are best understood as indications of their occurrence, and they may only reflect an advanced stage of the hydration of these cements.
For the other two cement pastes, C5S2 (Figure 6C) and C14S4 (Figure 6D), the same phases were computed for the complete relevant temperature range (except a minor amount of Al(OH)3 for C5S2 at 21.5°C); however, also for these pastes the modeled total volume of hydration products decreased from 10 to 21.5°C. As above for C5S4, this explains the observed dependence of the compressive strengths of the hybrid cements on the curing temperature. The decrease of volume of hydration products is mainly due to a decrease of the amount of strätlingite, which is not fully compensated by the corresponding increase of the volume of C-N-A-S-H (Figure 6; Table 4). Again, while the absolute amounts of hydration products may not be fully accurate, it is evident that there is a trend of increasing volume of hydration products with decreasing curing temperature for these two cement pastes, in agreement with the 27Al MAS NMR and TGA/DTG results.
The above conclusions drawn from the modeling results remain valid for moderate variations of the degrees of hydration (DoHs) of the Portland clinker and the GGBFS. Setting the DoH of the Pc in the Portland clinker-containing hybrid cements to 60% or 80% did not change the modeled phase assemblage of the hydrated cements at curing temperatures of 10 and 21.5°C, compared to the cements with a DoH of the Pc of 70%, and the phase abundances were comparable for all three DoHs (Supplementary Figures S7, S8). Likewise, the phase assemblages of the cements with a DoH of the GGBFS of either 50% or 70% were similar to those of the cements with a DoH of the GGBFS of 60%, except that a minor amount of meixnerite was modeled for C0S4 and C5S2 at 10 °C when the DoH of the GGBFS was set to 70% (Supplementary Figures S9, S10).
More significant differences exist between the modeled phase assemblages of the cements with the DoH of the fly ash being 10%, 20 and 30%, respectively. For a DoH of the fly ash of 10%, no M-S-H and no Al(OH)3 were modeled in the relevant temperature range 10–21.5°C (except a minor amount of M-S-H in C0S4), the amounts of strätlingite were considerably lower for all cements, and the formation of hydrogarnet was modeled for C14S4 for both curing temperatures (Supplementary Figure S11). The phase assemblages modeled for a DoH of the fly ash of 30% differ from that modeled for a DoH of 20% inter alia in that no or only low amounts of strätlingite are present in C0S4 and C5S2, that Al(OH)3 is found in higher amounts and/or over a greater temperature range for all cements, and that a significant amount of zeolite X (N-A-S-H) is found in C14S4 (Supplementary Figure S12). It is thus evident that the DoH of the fly ash has a particularly strong effect on the equilibrium phase assemblage of the hybrid cements and the alkali-activated GGBFS/FA blend. Nevertheless, the essential conclusions drawn above remain valid also for variations of the DoH of the fly ash, because for all DoHs modeling yields a decrease of the volume of hydration products with increasing curing temperature for all cements, and strätlingite was predicted to form for DoHs of 10% as well as 30% for most of the cements (Supplementary Figures S11, S12). In addition, it is noted that the fact that the formation of hydrogarnet was predicted for a DoH of the fly ash of 10% for C14S4 (Supplementary Figure S11), while this phase was not identified by XRD, may be taken as an indication that the actual DoH of the fly ash in the cement pastes was higher than 10%.
5 CONCLUSION
For the three hybrid cements containing Portland clinker (C5S4, C5S2 and C14S4), the results obtained with 27Al MAS NMR, TGA/DTA and thermodynamic modeling were in reasonable agreement. The results show that in these cements, a higher volume of hydration products is formed at 10°C, compared to curing at 21.5°C, mainly due to the formation of strätlingite at the expense of C-N-A-S-H. This explains the observed dependence of compressive strength on curing temperature, because the compressive strength of a cement paste depends on the volume of hydration products (Rößler and Odler, 1985; Odler 1991; Lothenbach et al., 2008; Mota et al., 2018; Mota et al., 2019). The thermodynamic modeling as applied here pertains to the equilibrium state of the cement pastes, i.e., to the state when the assumed final degrees of hydration (DoH) have been reached by all starting materials; this state is more closely approached after 91 days of curing than after 28 days of curing.
For the alkali-activated GGBFS/FA blend (C0S4), a higher volume of hydration products was also modeled for curing at 10°C, compared to curing at 21.5°C. However, this was not reflected in the measured compressive strengths; i.e., the strengths of this cement were higher for curing at 21.5°C. The fact that the difference between the compressive strengths decreased with curing time indicates that the final DoHs to which the modeling results pertain had not reached after 91 days of curing. The discrepancy between the modeling results and the observed compressive strengths is possibly also related to difficulties to accurately model the abundance of N-A-S-H gel, which is expected to be a particularly important cementitious phase in C0S4.
The fact that strätlingite could not be detected in the cement pastes by XRD, while the formation of strätlingite was predicted by thermodynamic modeling and an AFm or LDH phase was evidenced by the 27Al MAS NMR and TGA/DTG results, is explained by the generally low crystallinity of strätlingite, resulting in very broad reflections in XRD patterns (Matschei et al., 2007a; Ke et al., 2017).
The present findings demonstrate that analytical results and engineering properties measured on hybrid cements and materials derived from them, cured and stored at usual laboratory temperatures (20–25°C), are not fully transferable to lower temperatures. This is relevant inter alia in contexts where hybrid cements are applied for sub-surface structures, for example sealing structures in underground waste storage facilities when the expected curing and service conditions involve significantly lower temperatures, or when the temperature oscillates.
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