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Abstract 16 

Here, an approach to quantify the amorphous-to-disordered/crystalline transformation occurring 17 

in NaOH-activated ground granulated blast-furnace slag (GGBS) is outlined that combines 18 

atomistic modeling with in situ pair distribution function (PDF) analysis. Firstly, by using force-19 

field molecular dynamics (MD) simulations, a detailed structural representation is generated for 20 

the amorphous GGBS that is in agreement with experimental X-ray scattering data. Use of this 21 

structural representation along with literature-derived structures for the reaction products allows 22 

for real space X-ray PDF refinement of the alkaline activation of GGBS, resulting in the 23 

quantification of all phases and the degree of reaction (DOR) as a function of reaction time. All 24 

phases and the DOR are seen to approximately follow a logarithmic-type time-dependent behavior 25 

up to 5 months, while at the early age (up to 11 hours), the DOR is accurately captured by a 26 

modified pseudo-single step first-order reaction model. Lastly, the evolution of DOR is found to 27 

agree with several other complementary in situ data containing quantitative reaction information, 28 

including isothermal conduction calorimetry, Fourier transform infrared spectroscopy, and quasi-29 

elastic neutron scattering.  30 
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1 Introduction 31 

The study of chemical reactions involving dissolution and/or formation of amorphous phases is 32 

crucial to many industrially important applications, including bioglass dissolution, alkali-activated 33 

materials (AAMs), blended ordinary Portland cement (OPC), glass corrosion, and nuclear waste 34 

encapsulation [1-4]. For AAMs, the associated chemical reactions are particularly challenging to 35 

investigate, given the amorphous or disordered nature of both the precursor materials and the 36 

resulting alkali-activated binder. Hence, methods that are able to accurately quantify the 37 

amorphous phase(s) together with the overall degree of reaction (DOR) are extremely valuable, 38 

particularly since this quantitative information can be utilized to further optimize these chemical 39 

reactions to obtain desired material properties and performance. 40 

 41 

In the field of cement research, one popular method used to quantify an amorphous phase in an 42 

amorphous-crystalline mixture is the combination of Rietveld refinement with the Partial Or No 43 

Known Crystal Structure (PONKCS) approach based on X-ray (or neutron) diffraction, which has 44 

been successfully applied to AAMs [5, 6], blended OPC systems [7-10] and other types of 45 

cementitious materials [11]. This PONKCS method often requires the use of an internal or external 46 

standard, although an intensity-based direct decomposition method (also based on XRD data) that 47 

does not require any standards for quantification of the amorphous phase has also been developed 48 

and applied to blended OPC cements [12] and AAMs [13]. Furthermore, different experimental 49 

methods have been used in the cement literature for direct or indirect estimation of the overall 50 

DOR for AAMs, blended OPC systems and other types of cements. These include deconvolution 51 

of 29Si and/or 27Al nuclear magnetic resonance (NMR) spectra [10, 14-16], image analysis based 52 

on backscattered scanning electron microscopy (SEM) [8, 17-19], selective acid or alkaline 53 

dissolution [8, 9, 19-21], differential scanning calorimetry (DSC) [8], non-evaporable water or 54 

portlandite content from thermogravimetric analysis (TGA) [9, 10, 18, 22, 23], isothermal 55 

conduction calorimetry (ICC) [24-26], and chemical shrinkage [8], with their relative strengths 56 

and shortcomings discussed in refs. [8, 19, 24, 27]. A summary of the suitability of these different 57 

methods for the estimation of DOR for different types of SCMs in blended OPC systems has been 58 

presented in ref. [24]. This reference states that the XRD-based method is generally reliable and 59 

considered a promising technique due to ease of access to XRD instruments, relatively rapid data 60 

acquisition, and additional information contained in the data on reaction products.  61 
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The XRD-based phase quantification method can be further enhanced by exploiting synchrotron-62 

based X-rays that allow high-resolution XRD data to be collected in a matter of minutes (or even 63 

seconds). As a result, the phase transformations that occur during different chemical processes 64 

(including the formation of AAMs and OPC systems) can be probed in situ, which is impossible 65 

for many of the above-mentioned methods (e.g., selective dissolution, DSC, TGA and SEM). The 66 

use of high energy and high brilliance synchrotron-based X-rays also allows for the in situ 67 

collection of X-ray total scattering data, which, when Fourier transformed from reciprocal to real 68 

space gives the X-ray pair distribution function (PDF) [28], which is ideal for studying the local 69 

atomic structure of amorphous and disordered materials [12]. In recent years, in situ PDF analysis 70 

has emerged as an important characterization technique for investigating the structural evolution 71 

of cement-based materials, including reaction kinetics [29-32], carbonation mechanisms [3, 33], 72 

drying shrinkage [34], and atomic changes under loading [35, 36]. 73 

 74 

In this investigation, we utilize in situ synchrotron-based XRD and subsequent X-ray PDF analysis 75 

to trace the phase transformations and associated evolution of the local atomic structure occurring 76 

during sodium hydroxide activation of amorphous GGBS. According to previous investigations 77 

[5, 13, 17, 18, 37-39], the main reaction product in sodium hydroxide-activated GGBS is a sodium-78 

containing calcium-alumino-silicate-hydrate (C-(N)-A-S-H) gel with a structure resembling that 79 

of poorly ordered C-S-H (I) [40]. In addition to the main C-(N)-A-S-H binder gel, secondary 80 

layered double hydroxide (LDH) phases are often observed in alkali-activated GGBSs [37, 38, 41-81 

43], along with the presence of a substantial amount of unreacted GGBS even at an advanced age 82 

of curing (e.g., 6-12 months) [14, 15, 17, 18]. Essentially, this alkaline activation process converts 83 

the amorphous GGBS to disordered/crystalline reaction products. Quantification of such 84 

amorphous-to-disordered/crystalline transformation processes is critical if we are to fully 85 

determine the reaction kinetics and mechanisms occurring in alkali-activated GGBSs, other types 86 

of AAMs as well as blended cements. 87 

 88 

A major goal of this investigation is to quantify such an amorphous-to-disordered/crystalline 89 

transformation occurring during hydroxide activation of amorphous GGBS, based on a high 90 

temporal resolution quantification method that combines atomistic modeling with in situ PDF 91 

analysis. Specifically, we first obtained structural representations of all identified phases (based 92 
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on the synchrotron-based XRD data) from the literature, apart from amorphous GGBS where the 93 

structural representation is generated using force-field-based molecular dynamics (MD) 94 

simulations and validated using experimental X-ray PDF data. The resulting amorphous structural 95 

representation for the GGBS along with structural representations for the different reaction 96 

products (i.e., the C-(N)-A-S-H gel and secondary LDH phases) are used to simulate the X-ray 97 

PDF curve of each phase, which are then collectively refined against the experimental PDF data 98 

using a least squares refinement method. This refinement process enables the calculation of the 99 

relative percentage of each phase in the NaOH-activated GGBS binder as a function of reaction 100 

time, including the amorphous unreacted GGBS, along with the overall DOR. Analysis of these 101 

time-dependent data provides insight into the reaction kinetics of individual phases. Lastly, to 102 

validate the quantification method, the evolution of DOR from PDF analysis is compared with in 103 

situ reaction data obtained using three other experimental techniques, specifically ICC and Fourier 104 

transform infrared spectroscopy (FTIR) data collected on the same NaOH-activated GGBS, as well 105 

as in situ quasi-elastic neutron scattering (QENS) data collected on a similar hydroxide-activated 106 

GGBS [44]. This investigation highlights the power of using real space PDF refinement in 107 

combination with atomistic modeling to quantify amorphous-to-disordered/crystalline (and 108 

amorphous-to-amorphous) transformations that are ubiquitous in many important chemical 109 

processes and materials applications, including AAMs. 110 

2 Materials & Methods 111 

2.1 Materials & sample preparation 112 

The GGBS used in this investigation had an oxide composition of 42.5 wt. % CaO, 34.5 wt. % SiO2, 113 

11.7 wt. % Al2O3, and 7.3 wt. % of MgO (along with other minor oxides), based on X-ray fluorescence 114 

(XRF) measurements [3]. For GGBS activation, a sodium hydroxide solution was prepared using 115 

NaOH pellets (Sigma-Aldrich, reagent grade) and deionized water. The mix proportions were 50 116 

g of H2O and 4 g of Na2O for every 100 g of GGBS. Firstly, the activating solution was prepared 117 

by dissolving the NaOH pellets in deionized water, after which it was left to cool down to ambient 118 

temperature. The mixture was then hand-mixed for 2 mins immediately before being subjected to 119 

the various measurements as detailed below. For samples that were measured at later ages (e.g., 5 120 

months), they were sealed in airtight containers after mixing and left to cure at ambient conditions. 121 
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2.2 Experimental details 122 

2.2.1 High-resolution XRD and X-ray total scattering 123 

Immediately after mixing, high-resolution XRD and X-ray total scattering measurements were 124 

performed at ambient temperature, using the 11-ID-B beamline at the Advanced Photon Source, 125 

Argonne National Laboratory. Both types of data (high-resolution XRD and X-ray total scattering) 126 

were collected simultaneously on the mixture in situ for approximately 11 hours using a Perkin-127 

Elmer amorphous silicon 2D image plate detector [45] and a wavelength of 0.2113 Å. The XRD 128 

data were collected at a sample-to-detector distance of ~950 mm, while the X-ray total scattering 129 

data were collected at a distance of ~180 mm. Subsequent measurements were performed on the 130 

same sample at 15, 24, 55 and 77 hours using the same protocol, with a final measurement collected 131 

at 5 months. The data acquisition time at each time step is 120 and 30 seconds for the X-ray total 132 

scattering and XRD data, respectively. The Fit2D program [46, 47] was employed to convert data 133 

from 2D to 1D, with CeO2 as the calibration sample. The PDF (G(r)) was then calculated by taking 134 

a sine Fourier transform of the measured total scattering function S(Q) (similar to our previous 135 

investigations [37, 38]), as illustrated in Eq. (1) [28]: 136 

𝐺𝐺(𝑟𝑟) = 2
𝜋𝜋 ∫ 𝑄𝑄[𝑆𝑆(𝑄𝑄) − 1] ∙ sin(𝑄𝑄𝑄𝑄)𝑑𝑑𝑑𝑑𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
                                    (1) 137 

where Q is momentum transfer given in Eq. (2), and r is the interatomic distance. 138 

𝑄𝑄 = 4𝜋𝜋∙𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜆𝜆

                                                                (2)           139 

In Eq. (2), 𝜃𝜃  and 𝜆𝜆  are the scattering angle and wavelength of the monochromatic X-rays, 140 

respectively. PDFs were obtained using PDFgetX3 [48] with a Qmax of 20 Å−1, following standard 141 

data reduction procedures. The instrument parameters were refined using a standard calibration 142 

sample (nickel) and the refinement program PDFgui [49]. The refined parameters (Qbroad = 143 

0.00086 Å−1 and Qdamp = 0.03787 Å−1) were used to calculate the simulated PDFs of individual 144 

phases based on their atomic structures using the PDFgui program [49]. 145 

 146 

2.2.2 Fourier transform infrared spectroscopy (FTIR) 147 

Attenuated total reflectance (ATR)-FTIR measurements were performed on neat GGBS, and the 148 

NaOH-activated GGBS mixture at different curing times (sealed curing was carried out in a plastic 149 

container) over a period of 8 days. A PerkinElmer FTIR instrument (Frontier MIR with a Frontier 150 
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UATR diamond/ZnSe attachment) with an N2 flow was used. 32 scans were collected from 600 to 151 

4000 cm−1 with a resolution of 4 cm−1 for each measurement.  152 

2.2.3 Isothermal conduction calorimetry (ICC) 153 

ICC measurement was performed on the same NaOH-activated GGBS immediately after mixing 154 

using a TAM Air isothermal calorimeter (TA Instruments), following a similar procedure adopted 155 

in our previous investigation [44]. Heat release was measured at 25 °C over seven days for 5 g of 156 

NaOH-activated GGBS, using 5 g of deionized water as the reference.  157 

2.3 Computational details 158 

A detailed atomic structural representation for the GGBS was generated using force-field MD 159 

simulations following a similar procedure adopted in our previous investigation [50]. Specifically, 160 

a cubic unit cell consisting of ~2000 atoms with a chemical composition of 161 

(CaO)363(MgO)87(Al2O3)55(SiO2)275 (similar to the main CaO-MgO-Al2O3-SiO2 composition of 162 

the GGBS used in the experiments) was first equilibrated at a temperature of 5000 K for 1 ns to 163 

ensure the loss of the memory of the initial structure and to reach a “melt” state. The structure was 164 

then quenched from 5000 to 2000 K at a rate of 1 K/ps followed by 1 ns of equilibration at 2000 165 

K. The equilibrated structure was further quenched from 2000 to 300 K in 3 ns, followed by 166 

another 1 ns of equilibration at 300 K. The canonical NVT ensemble (with the Nosé Hoover 167 

thermostat) and a time step of 1 fs were used for all the MD simulation steps outlined above, while 168 

the density of the unit cell volume was adjusted to numerically estimated values (calculation 169 

method [51] and details are given in Section 1 of the Supplementary Material), as discussed in our 170 

previous investigation [50]. The interatomic potential developed by Guillot and Sator for crystals 171 

and melts covering the CaO-MgO-Al2O3-SiO2 system [52] was employed for the MD simulations, 172 

as described by Eq. (3).  173 

𝑈𝑈𝑖𝑖𝑖𝑖�𝑟𝑟𝑖𝑖𝑖𝑖� = 𝑧𝑧𝑖𝑖𝑧𝑧𝑗𝑗
𝑟𝑟𝑖𝑖𝑖𝑖

+ 𝐵𝐵𝑖𝑖𝑖𝑖𝑒𝑒
−
𝑟𝑟𝑖𝑖𝑖𝑖
𝜌𝜌𝑖𝑖𝑖𝑖 − 𝐶𝐶𝑖𝑖𝑖𝑖

𝑟𝑟𝑖𝑖𝑖𝑖6
                                               (3) 174 

where 𝑧𝑧𝑖𝑖  and 𝑧𝑧𝑗𝑗  are the effective charges associated with atom i and j respectively, 𝑟𝑟𝑖𝑖𝑖𝑖  is the 175 

interatomic distance between atom pair i-j, and 𝜌𝜌𝑖𝑖𝑖𝑖, 𝐵𝐵𝑖𝑖𝑖𝑖 and 𝐶𝐶𝑖𝑖𝑖𝑖 are the energy parameters obtained 176 

by refinement against experimental data [52]. The force-field parameters adopted are given in 177 

Table 1. All the simulations were carried out using the QuantumATK software package [53, 54]. 178 

As shown in ref. [50], the above MD simulation protocol is able to generate amorphous structural 179 
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representations that are representative of GGBS local atomic structures, as determined by a 180 

comparison of simulated and experimental PDF datasets. 181 

 182 

Table 1. Summary of the force-field parameters [52] used for the MD simulations. 183 

Atom z (e) 

Metal-

oxygen 

pair 

B  

(eV) 

1/𝜌𝜌  

(Å-1) 

C  

(Å6 eV) 

rcut (Å) for the three terms in 

Eq. (3) 

1st term 2nd & 3rd terms 

Si 1.89 Si-O 50306.2 6.21118 46.2979 12 7.5 

Al 1.4175 Al-O 28538.5 5.81395 34.5779 12 7.5 

Mg 0.945 Mg-O 32652.7 5.61798 27.281 12 7.5 

Ca 0.945 Ca-O 155668 5.61798 42.2598 12 7.5 

O -0.945 O-O 9022.82 3.77359 85.0924 12 7.5 

 184 

 185 

2.4 Method of quantification using PDF data 186 

The detailed atomic structural representation for amorphous GGBS, along with the structural 187 

representations of the reaction products (identified using XRD) obtained from the literature, were 188 

used to simulate the PDF contributions from each phase, which were subsequently refined against 189 

the experimental PDF data for the NaOH-activated GGBS over an r range of 1-15 Å, using the 190 

least squares refinement method implemented in the PDFgui program [49]. The upper limit of 15 191 

Å (= 30/2) was selected to avoid the finite boundary effects of the GGBS structural representation, 192 

which has a cell size of ~30×30×30 Å3. The only parameters that were refined for the phases in 193 

PDFgui were the scale factor (a reflection of the relative phase quantity) and ‘delta2’ (accounts for 194 

the peak sharpening at low r distance due to correlated thermal motions [55]). The isotropic atomic 195 

displacement parameters were set at uii = 0.003 Å2 for all phases. The lattice parameters of all the 196 

reaction product phases were refined against the 5-month X-ray PDF data and then kept constant 197 

for the refinement of all other datasets. Similarly, the lattice parameters of the GGBS 198 

representation were refined against the X-ray PDF data of the neat GGBS, and then kept constant 199 

for all other refinements. Note that, at each time step, the same structural motif has been used for 200 

each individual phase. Refinement of all NaOH-activated GGBS PDF datasets led to time-201 

dependent scale factors for each individual phase. These scale factors were analyzed to assess (i) 202 
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the evolution of the various phases that may be present during the alkaline activation reaction and 203 

(ii) the DOR. 204 

3 Results & Discussion 205 

3.1 Characterization and modeling of the neat GGBS 206 

The high-resolution XRD pattern for the neat GGBS is presented in Figure 1a, which shows that 207 

this GGBS is dominated by a broad diffuse hump centered at a Q value of ~2.1 Å−1 attributed to 208 

an amorphous phase, known to be predominantly a Ca- and Mg-containing aluminosilicate (CMAS) 209 

glass [37]. The XRD data also reveal the presence of several minor crystalline phases in the neat 210 

GGBS, including calcite, vaterite, aragonite and åkermanite. The corresponding X-ray PDF data 211 

is presented in Figure 1b, which reveals the absence of any obvious long-range ordering above 212 

~12 Å and as such indicates that this GGBS is largely amorphous with the minor crystalline phase 213 

quantities being minimal. Despite the lack of obvious long-range ordering, the GGBS clearly 214 

exhibits short- (< ~3 Å) and medium-range (~3-10 Å) ordering that is typical of amorphous 215 

aluminosilicate materials [30, 37, 50, 56], as seen in the inset of Figure 1b. Assignment of the 216 

nearest atom-atom correlations below ~3 Å for the neat GGBS or other amorphous aluminosilicate 217 

materials is relatively straightforward (as shown in the inset of Figure 1b). Based on the existing 218 

literature data [37, 50, 57-59], the peaks at ~1.62, ~1.98, ~2.34 and ~2.66 Å are assigned to Si/AlIV-219 

O, Mg-O, Ca-O and O-O correlations, respectively. However, the atom-atom correlations above 220 

~3 Å are challenging to assign without an accurate structural representation due to the coincidence 221 

of individual correlations [50, 57, 59]. 222 

 223 
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 224 

 225 
Figure 1. (a) High-resolution XRD and (b) X-ray PDF for the neat GGBS. The inset figure in (b) 226 

is a zoom from 1 to 8 Å.  227 

A detailed structural representation for the GGBS has been generated with the melt-and-quench 228 

approach using force-field MD simulations (as outlined in Section 2.3). The resulting 229 

representation (see Figure 2a) provides good agreement with the corresponding experimental X-230 

ray PDF data as shown in Figure 2b, where the short- (< 3 Å), medium- (~3-10 Å), and long-range 231 

(> 10 Å) ordering are mostly captured by the structural representation. The partial X-ray PDFs 232 

calculated using the structural representation in Figure 2a are shown in Figure 2b (calculation 233 

details are shown in Section 2 of the Supplementary Material), which reveal that the medium-range 234 

ordering between ~4 and 5 Å is mainly attributed to the second nearest Si-O and Ca-O correlations 235 

Neat GGBS 
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in the GGBS, whereas the medium-range ordering between ~5 and 8 Å is mainly due to the third 236 

nearest Ca-O correlation and the second nearest Ca-Ca and Ca-Si correlations. The double peak at 237 

~3.1 and ~3.6 Å is predominantly assigned to the nearest Ca-Si correlations in edge-sharing and 238 

corner-sharing configurations, respectively (as has been explicitly shown in our previous 239 

investigation [50]), with some contributions from the nearest Ca-Al and Ca-Ca correlations. These 240 

assignments are consistent with our previous findings for a neat GGBS with slightly different 241 

chemical compositions [50]. Furthermore, the nearest interatomic distances (~1.62, ~1.75, ~2.03, 242 

~2.42 Å for Si-O, Al-O, Mg-O and Ca-O correlations, respectively) and the average coordination 243 

numbers of Si, Al, Mg and Ca atoms (4.00, 4.01, 5.20 and 6.73, respectively) obtained from our 244 

simulations agree reasonably well with those from experiments (including our X-ray PDF data in 245 

Figure 1b for interatomic distances) and simulations on GGBS and aluminosilicate glasses [50, 246 

57-62]. 247 

 248 
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 249 
Figure 2. (a) Structural representation for the GGBS obtained using force-field MD simulations 250 

(box size: ~30×30×30 Å3). (b) Comparison between the experimental X-ray PDF and the simulated 251 

X-ray PDF calculated using the structural representation in (a) along with the level of agreement 252 

(Rw value). The Rw value in (b) denotes the extent of agreement between the experimental and 253 

simulated PDF data, with the calculation details of Rw shown in Section 2 of the Supplementary 254 

Material. Partial X-ray PDFs for the different atom-atom correlations present in the structural 255 

representation are also shown in (b). 256 

3.2 Characterization and modeling of the final NaOH-activated GGBS binder 257 

Figure 3a shows a high-resolution XRD pattern of the NaOH-activated GGBS binder that has been 258 

cured for 5 months. Phase identification confirms, as expected, that a calcium silicate hydrate-type 259 

gel phase (i.e., C-(N)-A-S-H) is the main reaction product formed in the sample, where the main 260 

peaks centered at Q values of 0.50, 1.20, 2.05, 2.25 and 3.43 Å−1 are assigned to 002, 101, 261 

020/2�20, 200 and 2�40 reflections, respectively [63]. The presence of these peaks is generally 262 

consistent with previous investigations on hydroxide-activated GGBSs [5, 13, 17, 18, 37-39] and 263 

synthetic C-S-H-type gels [40, 63-68]. The 002 reflection at 0.50 Å−1 corresponds to a basal 264 

Rw = 0.52 
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spacing of ~12.6 Å between the calcium oxide layers in the C-(N)-A-S-H gel structure, which 265 

agrees well with that of poorly ordered C-S-H (I) [40] and synthetic C-(N)-A-S-H gels [66, 69], 266 

although the basal spacing for synthetic C-S-H-type gels has been seen to vary significantly 267 

between ~9 and ~16 Å, depending on Ca/Si ratio, Al/Si ratio, alkali content, interlayer water 268 

content, and presence of cross-linking [64, 67-71]. 269 

 270 

In addition to the main binder gel (i.e., C-(N)-A-S-H), two LDH phases have been identified in the 271 

5-month sample: an AFm-group calcium hemicarboaluminate hydrate phase (C4Ac0.5H12 [41], 272 

abbreviated as Hc) and a hydrotalcite-like phase (e.g., Mg6Al2(OH)16CO3·4.5H2O [42], 273 

abbreviated as Ht). The Ht phase is commonly observed in hydroxide-activated GGBS systems 274 

[37, 38], whereas the formation of the Hc phase is not reported as frequently in alkali-activated 275 

systems. One possible reason for the clear identification of the Hc phase in Figure 3a is the use of 276 

high-resolution synchrotron-based XRD in this investigation that allows for differentiation of the 277 

two LDH phases. Nevertheless, Hc phase has been observed in Na2CO3-activated GGBSs [72] and 278 

blended Portland cements [73, 74], and an AFm-type phase (C4AH13) has been observed in NaOH-279 

activated GGBS [43]. The corresponding X-ray PDF data in Figure 3b show that the 5-month 280 

NaOH-activated GGBS binder possesses distinct atom-atom correlations up to ~40 Å, beyond 281 

which the PDF is seen to be structureless. This is consistent with previous PDF analysis on the 282 

structure of synthetic C-S-H gels where atomic ordering out to ~40 Å has been observed [75, 76].  283 

 284 

   285 
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 286 
Figure 1. (a) High-resolution XRD and (b) X-ray PDF for the NaOH-activated GGBS that has 287 

been cured for 5 months. Identification of the Ht and Hc phases and C-(N)-A-S-H gel in (a) are 288 

based on ICSD #107626 [42], #263124 [41], and # 152489 [77], respectively. The inset figure in 289 

(b) is a zoom of the PDF below 4.5 Å. 290 

A broad diffuse region at a Q value of ~2.1 Å−1 is clearly visible in the XRD pattern in Figure 3a, 291 

indicating the presence of a considerable amount of unreacted GGBS in the 5-month sample, as 292 

commonly reported for alkali-activated GGBS binders at a similar age [14, 17, 37]. With the 293 

generation of a detailed structural representation for the amorphous GGBS (Figure 2a), it is now 294 

possible to quantify the unreacted amorphous phase fraction along with the three reaction products 295 

using the method outlined in Section 2.4. The results for the 5-month sample using this refinement 296 

process are presented in Figure 4a, where it is clear that the total simulated PDF (including 297 

contributions from the four different phases, i.e., unreacted GGBS, C-(N)-A-S-H gel, Ht and Hc) 298 

gives relatively good agreement with the experimental data. Analysis of the data involving possible 299 

contributions from calcium carbonate phases (e.g., calcite, aragonite and vaterite) was also carried 300 

out; however, the contributions from these carbonate phases were found to be relatively small and 301 

did not change the goodness of fit (Rw value), so we restrict our analysis to the four main phases. 302 

The scale factors shown in Figure 4a reflect the relative quantities of the different phases present 303 

in the sample. From the scale factor and the simulated X-ray PDF of each phase (Figure 4a), it is 304 

clear that the X-ray PDF of the 5-month sample is dominated by atom-atom correlations from the 305 

C-(N)-A-S-H gel, especially for the medium- (~3-10 Å) and long-range (> 10 Å) ordering. For the 306 

short-range ordering, the unreacted GGBS phase also contributes substantially to the experimental 307 
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data, especially for the nearest Si/AlIV-O and Ca-O correlations located at ~1.62 and ~2.37 Å, 308 

respectively.  309 

 310 

The structural representation for the C-(N)-A-S-H gel phase used in Figure 4a is a 14 Å tobermorite 311 

structure that has been generated using DFT calculations [78], and has a composition of 312 

Ca9Si11Al1Na1O50H34. Based on this structural representation, the partial X-ray PDFs for the 313 

different atom-atom pairs have been calculated and are shown in Figure 4b. These partial X-ray 314 

PDFs, together with those from neat GGBS (Figure 2b), can be used to further understand the 315 

experimental PDF data of the 5-month NaOH-activated GGBS. For example, from Figure 4b, we 316 

can see that the nearest Ca-Si correlation in the C-(N)-A-S-H gel exhibits a bimodal feature with 317 

individual peaks centered at ~3.04 and ~3.67 Å, similar to the neat GGBS (see Figure 2b). 318 

Previously, the PDF peak at ~3.67 Å in alkali-activated GGBS and C-S-H-type gels has been 319 

assigned mainly to Ca-Si or Ca-T (T = tetrahedral Si and Al) correlations [31, 34, 37, 38, 68]; 320 

however, the partial PDFs in Figure 4b and Figure 2b suggest that this peak also has large 321 

contributions from the nearest Ca-Ca correlation and the second nearest Si-O correlation in the C-322 

(N)-A-S-H gel structure, as well as contributions from the unreacted GGBS for the case of alkali-323 

activated GGBS binder. The assignment of the peak at ~3.67 Å to Ca-Si, Ca-Ca and Si-O 324 

correlations is consistent with previous X-ray PDF investigations on synthetic C-S-H gels [65, 79]. 325 

The peak at ~3.04 Å in NaOH-activated GGBS (Figure 4a) consists of contributions from C-(N)-326 

A-S-H gel (specifically Ca-Si, Si-T, as seen in Figure 4b), unreacted GGBS (Ca-T, Si-T and O-O, 327 

as seen in Figure 2b) as well as the Ht phase (Figure 4a). 328 
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  329 

 330 
Figure 4. (a) Comparison of the experimental X-ray PDF data for the 5-month NaOH-activated 331 

GGBS sample and the calculated X-ray PDF based on three structural representations available in 332 

the literature (i.e., ICSD #107626 [42] for Ht, ICSD #263124 [41] for Hc, and C-A-S-H[Na,2H] 333 

in ref. [78] for the C-(N)-A-S-H gel) together with the GGBS structural representation presented 334 

in Figure 2. The PDF contribution from each phase is also shown in (a) along with their respective 335 

scale factors (SF). (b) The experimental X-ray PDF data and the simulated PDF contribution from 336 

 Rw = 0.49 
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the C-(N)-A-S-H gel obtained from the multiphase refinement process, along with the partial X-337 

ray PDFs for different atom-atom pairs in the C-(N)-A-S-H gel. See Section 2 of the 338 

Supplementary Material for details on the calculation of the partial X-ray PDFs. 339 

Figure 5a compares the experimental PDFs for the neat GGBS and the 5-month NaOH-activated 340 

GGBS binder, which shows that obvious structural changes (both short- and long-range) have 341 

occurred due to alkaline activation of GGBS. For instance, the PDF peak at ~3.60 Å is seen to shift 342 

to ~3.67 Å and experience a ~70% increase in the peak intensity after alkaline activation. This 343 

change invoked by alkaline activation can be attributed mainly to two major differences between 344 

the partial PDFs of C-(N)-A-S-H gel and neat GGBS, as seen in Figure 5b-c. The first difference 345 

involves the Ca-Si correlation, where, as seen in Figure 5b, this correlation for C-(N)-A-S-H gel 346 

has a much higher intensity at ~3.60 Å than that of the neat GGBS. The second difference involves 347 

the Ca-Ca correlation, which is also more intense in C-(N)-A-S-H gel than neat GGBS and 348 

positioned at a larger distance (i.e., ~3.79 Å for the gel and ~3.42 for GGBS, see Figure 5c). This 349 

larger Ca-Ca distance for the C-(N)-A-S-H gel structure can be attributed to (i) the larger Ca-O 350 

bond length (Figure 5a) and (ii) a narrower Ca-O-Ca angular distribution (see Figure S1 in 351 

Supplementary Material) for the C-(N)-A-S-H gel structural representation as compared to the 352 

structural representation for neat GGBS. 353 
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354 

355 

 356 
Figure 5. Comparison of (a) the experimental X-ray PDFs of neat GGBS and 5-month NaOH-357 

activated GGBS, and (b) the simulated Ca-Si and (c) Ca-Ca partial PDFs obtained from the 358 

structural representations of neat GGBS (Figure 2b) and C-(N)-A-S-H gel (Figure 4b).   359 
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Accurate assignment of the atom-atom correlations contained within the PDF data is important 360 

since this information can reveal new insight on the local structure of the material and, for in situ 361 

measurements, time- or environment-dependent changes that may be linked to underlying 362 

chemical mechanisms. In this study, the in situ measurement of the alkali-activation reaction 363 

involving GGBS is of interest, with the aim to uncover new insight on how the alkaline activation 364 

reaction proceeds (as will be discussed in the next section). However, it is clear from Figures 2b 365 

and 4a that there are obvious discrepancies between the experimental PDF data and the simulated 366 

PDFs based on the structural representations used, suggesting that these structural representations 367 

can be further improved, especially for C-(N)-A-S-H gel since the current structural representation 368 

is crystalline with a relatively small unit cell. From experiments, it is known that C-(N)-A-S-H gel 369 

is disordered/nanocrystalline with varying stoichiometry. Other limitations associated with the 370 

current structural representation for C-(N)-A-S-H are that the silicate chains are infinite in length, 371 

and all Al bridging sites are on one side of the interlayer space, which is likely to differ from reality. 372 

Nevertheless, as will be shown below, we can still use these structural representations to robustly 373 

quantify the time-dependent behavior of alkali-activated GGBS and, specifically, the evolution of 374 

the individual phases. 375 

 376 

3.3 Phase evolution during alkaline activation of GGBS 377 

In this section, in situ high-resolution XRD data are analyzed to elucidate the phase evolution 378 

behavior that occurs during hydroxide activation of the GGBS. As illustrated in Figure 6a, the 379 

characteristic Bragg peaks denoting the reaction products (i.e., XRD peaks located at Q values of 380 

0.47-0.50, 1.20, 2.05, 2.25 and 3.43 Å−1 assigned to the C-(N)-A-S-H gel, 0.82, 1.63 and 2.43 Å−1 381 

assigned to the Ht phase [42], and 0.78, 1.55, 1.63 and 2.17 Å−1 assigned to the Hc phase [41]) 382 

increase in intensity with the progress of reaction, whereas the broad diffuse region (centered at a 383 

Q value of ~2.1 Å−1) representing unreacted amorphous GGBS diminishes with time. A closer 384 

examination of peaks assigned to the two LDH phases at ~0.78 and 0.82 Å−1 in Figure 6b (which 385 

correspond to the basal spacing for the Hc and Ht phases, respectively) reveals that both LDH 386 

phases already start to form after 0.2 hours of reaction and the formation of the Hc phase appears 387 

to be more pronounced than the Ht phase. The peak intensity at a Q value of ~0.82 Å−1 (Figure 6b, 388 

peak assigned to Ht) appears to grow steadily throughout the period studied, and in fact, its growth 389 

is seen to follow a logarithmic function with respect to reaction time, as shown in Figure 7. In 390 
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contrast, the peak intensity at ~0.78 Å−1 (assigned to Hc) stops increasing after an initial period of 391 

logarithmic-type growth (i.e., during the initial 15 hours) and then decreases considerably by 5 392 

months (Figure 7). One possible explanation for this decreasing trend at the advanced curing age 393 

is the slight increase in carbonation of the Hc phase, leading to changes to the interlayer spacing. 394 

As shown in Figure 6b-c, the Q values (at ~0.81, 1.62 and 1.66 Å−1) of a slightly more carbonated 395 

Hc phase (denoted as Hc’, with a chemical composition of Ca4Al2(OH)12.4(CO3)0.8(H2O)4 [41]) are 396 

greater than those of the Hc phase (at ~0.78, 1.55 and 1.62 Å−1). Another possible explanation of 397 

the decreasing trend of the Hc phase in Figure 7 is a transformation of the Hc phase to a 398 

monocarboaluminate phase (C4AcH12, abbreviated as Mc) since this transformation has been 399 

observed in Na2CO3-activated GGBSs [72] and the Mc phase has been predicted to be the stable 400 

AFm phase to form (as opposed to Hc phase) according to thermodynamic modeling [80]. The 401 

XRD data in Figure 6b-c are also generally consistent with this possible transformation of Hc to 402 

Mc, specifically since the Q values of the Mc phase at ~0.83 and 1.66 Å−1 are greater than those 403 

of the Hc phase at ~0.78 and 1.62 Å−1. However, due to the evident misalignment of Q values 404 

between the XRD data and some of the phases (as seen in Figure 6b-c) it is currently impossible 405 

to discern from these data if Hc transforms into Hc’ and/or Mc. What is clear from this analysis is 406 

that the logarithmic growth identified as the Ht phase in Figure 7 may also contain contributions 407 

from the Hc’ and/or Mc phase. 408 
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 411 
Figure 6. Evolution of the high-resolution synchrotron-based XRD patterns as a function of 412 

reaction time over a Q range of (a) 0.3-5.5, (b) 0.4-1.1, and (c) 1.4-1.75 Å−1. The XRD patterns in 413 

(a) are given as a stacked plot. The peak positions for Ht, Hc, Hc’ and Mc phases are based on the 414 

structural representations of ICSD #107626 [42], ICSD #263124 [41], ICSD #263123 [41] and 415 

ICSD #59327 [81], respectively. 416 

 417 
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Figure 7. Evolution of XRD peak intensity at different Q values (corresponding to C-(N)-A-S-H 418 

gel, Hc and Ht phases) as a function of reaction time. The R2 values in the figure are the goodness 419 

of fit of the experimental data obtained using logarithmic functions. Note that the time axis is 420 

logarithmic. 421 

Another notable observation in Figure 6a-b is that the basal peak of the C-(N)-A-S-H gel (at a Q 422 

value of ~0.45-0.50 Å−1) increases in intensity and becomes more defined and narrower after 24 423 

hours of reaction. This increase in intensity appears to be logarithmic with respect to reaction time 424 

(Figure 7), and a similar growth pattern is also seen for other characteristic peaks of the C-(N)-A-425 

S-H gel (e.g., the 020/2�20 reflection at ~2.06 Å−1, Figure 7). The emergence and narrowing of the 426 

basal peak indicate an establishment of interlayer ordering, either due to an increased formation of 427 

C-(N)-A-S-H gel and/or an atomic rearrangement of gel that has already precipitated. It is also 428 

seen in Figure 6b that the basal peak shifts from around ~0.47 Å−1 at 58-77 hours to ~0.50 Å−1 at 429 

5 months, indicating a reduction in basal spacing from ~13.4 to ~12.6 Å. This reduction in basal 430 

spacing for the C-(N)-A-S-H gel could be caused by several factors. First, the formation of inner 431 

C-(N)-A-S-H gel product that dominates at the advanced age of curing in alkali-activated GGBS 432 

has been shown to exhibit higher Ca/Si than that of outer C-(N)-A-S-H gel formed during the early 433 

stage [39], which could lead to smaller basal spacing [67, 70]. Second, it becomes increasingly 434 

more difficult to access water at later ages due to the densification of reaction products covering 435 

the unreacted GGBS; hence, it is possible that the C-(N)-A-S-H gel formed at later ages has less 436 

interlayer water [70]. Third, the generation of crystallization pressure due to product formation in 437 

an increasingly restricted space [82] could also lead to a smaller basal spacing, as illustrated for 438 

synthetic C-S-H gels under hydrostatic pressure [83]. Nevertheless, there are other factors that 439 

could have an impact on the basal spacing such as Al/Si ratio [63, 64, 80] and alkali content [66, 440 

69]. It is also important to keep in mind that changes in scattering in this region may be partially 441 

due to pore structural evolution [32]. 442 

 443 

Finally, we have attempted to fit the data in Figure 7 using sigmoidal shape functions (i.e., a 444 

modified sigmoid function and an inverse trigonometric function), and the results are presented in 445 

Figures S2 and S3 of the Supplementary Material, which show that the overall trend is better 446 

captured by a logarithmic function (with higher R2 values) than the two sigmoidal shape functions. 447 
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Similar logarithmic growth is also observed in the PDF data and the ICC and FTIR data, as will 448 

be shown in Sections 3.4-3.6 below. However, the physical explanation for these logarithmic 449 

growths is not clear, except for the fact that the reactions in NaOH-activated GGBS are becoming 450 

increasingly slow with time for most of the period covered, which is captured by a logarithmic 451 

function (whose derivative f(t)’ = t–1 also decreases with increasing t). Simple reaction kinetic 452 

analysis will be presented in Section 3.5; however, more research is needed to ascertain whether 453 

there is any additional in-depth physical explanation for the overall logarithmic growth patterns. 454 

 455 

3.4 Evolution of the local atomic structure during alkaline activation 456 

Figure 8 shows how the X-ray PDF of NaOH-activated GGBS evolves as a function of reaction 457 

time up to 5 months. It is clear that most major atom-atom correlations out to ~40 Å undergo 458 

significant change during the alkaline activation reaction. The increase in the intensity of atom-459 

atom correlations above ~5 Å is mainly due to the formation of the main binder gel (C-(N)-A-S-460 

H) with some contributions from the secondary phases, as determined from analysis of Figure 4a. 461 

The assignment of the atom-atom correlations in Figure 8b is mainly based on the partial X-ray 462 

PDFs of the neat GGBS (Figure 2b) and the C-(N)-A-S-H gel in the 5-month sample (Figure 4b), 463 

since, as shown in Figure 4a, the secondary LDH phases (i.e., Ht and Hc) do not strongly contribute 464 

to the experimental PDF data. 465 

 466 

The changes seen in Figure 8b can be grouped according to atom-atom correlation type and 467 

behavior. For example, the Ca-O correlations possess a clear trend across the entire r range. The 468 

nearest Ca-O correlation at ~2.34 Å increases in intensity and shifts to a larger distance as the 469 

reaction progresses. The second nearest Ca-O correlation, initially located at ~4.3 Å due to the 470 

presence of a large amount of GGBS, is seen to evolve by the concurrent decrease of the 4.3 Å 471 

peak due to GGBS dissolution and the emergence of a new peak at ~4.5 Å as C-(N)-A-S-H gel 472 

forms. Similarly, the decrease in intensity of the peak at ~7.09 Å and growth of the peak at 7.34 Å 473 

are mainly associated with changes occurring to the fourth nearest Ca-O correlation, although this 474 

region also contains contributions from Ca-Ca, Ca-Si, Si-Si and O-O correlations (see Figure 4b). 475 

These changes to the Ca-O correlations can be attributed to alterations of the local bonding 476 

environment of calcium and silicon atoms as GGBS dissolves and C-(N)-A-S-H gel precipitates, 477 

and the increase of nanoscale ordering associated with the higher structural coherence of C-(N)-478 
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A-S-H gel compared with amorphous GGBS. As an example, the Ca-O-Ca angular distribution 479 

and Ca coordination of GGBS and C-(N)-A-S-H gel are displayed in Figures S1 and S4 of the 480 

Supplementary Material, which show that there are clear differences in the local bonding 481 

environments of these phases. The kinetics of the first, second and fourth nearest Ca-O correlation 482 

changes can be elucidated by quantitative analysis of the PDF peak intensity and/or peak position, 483 

as shown in Figures 9a and 10a-b, respectively. These figures show that the kinetics of reaction 484 

generally follow a logarithmic function with time, where simple linear regressions of the data result 485 

in R2 values between 0.93 and 0.99.  486 

 487 

 488 
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  489 
Figure 8. Evolution of the X-ray PDF as a function of reaction time for NaOH-activated GGBS 490 

over an r range of (a) 0-45 Å and (b) 1-16 Å. The PDF curves in (a) are given as a stacked plot. 491 

The peak assignments in (b) are based on the simulated PDFs of the different phases, with those 492 

for the C-(N)-A-S-H gel and secondary phases (i.e., Ht and Hc) labeled in black and purple colors, 493 

respectively. The assignments labeled with grey text in (b) have tentatively been assigned to GGBS. 494 

Note that only the major atom-atom correlations that likely contribute to the PDF data are shown 495 

in (b). Minor contributions have not been included. 496 

Other apparent changes to the atom-atom correlations in Figure 8b include the shoulder at ~3.3 Å 497 

attributed to the nearest Ca-Ca correlation in GGBS (Figure 2b) that diminishes as the reaction 498 

progresses. Meanwhile, the peak at ~3.6 Å grows continuously with the progress of reaction 499 

(Figure 8b) due to the formation of C-(N)-A-S-H gel and the associated emergence of the nearest 500 

Ca-Ca and Ca-Si correlations and the second nearest Si-O correlation (these correlations were 501 

previously discussed in the context of Figures 4b and 5). Again, these time-dependent changes 502 

(either increase or decrease) can be approximately described using logarithmic functions, as 503 

illustrated in Figure 10c. Similar logarithmic growth and decay of other atom-atom correlations, 504 

including those located at ~1.95, ~5.63, and ~8.43 Å, are seen in Figures 9b and 10d, which are 505 

tentatively assigned to (i) Mg-O/VIAl-O correlation in the LDH phases, (ii) Ca-O, Ca-Ca, Si-O and 506 
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Si-Si correlations in C-(N)-A-S-H gel and O-O, Ca-O, and Ca-Ca correlations in the Hc phase, 507 

and (iii) Ca-Ca correlation in the neat GGBS, respectively. 508 

 509 

 510 
Figure 9. Evolution of the PDF peak position and intensity for (a) first nearest Ca-O and (b) first 511 

nearest Mg-O/VIAl-O correlations as a function reaction time. For each dataset, the R2 value for 512 

the linear regression on a logarithmic time scale is given in the figure.  513 

 514 

 515 

 516 
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Figure 10. Evolution of PDF peak intensity as a function of reaction time for (a) the second nearest 517 

Ca-O correlation (located at ~4.26 Å in GGBS and ~4.49 Å in the C-(N)-A-S-H gel), (b) the fourth 518 

nearest Ca-O correlation (located at ~7.09 Å in GGBS and ~7.34 Å in the C-(N)-A-S-H gel), (c) 519 

the first nearest Ca-Ca correlation (located at ~3.32 Å in GGBS and ~3.60 Å in the C-(N)-A-S-H 520 

gel), and (d) the peaks located at ~8.43 and 5.63 Å. For each dataset, the R2 value for the linear 521 

regression on a logarithmic time is given in the figure. Note that the peaks at ~3.60 and 7.34 Å 522 

also contain considerable contributions from other atom-atom correlations, as discussed in the text.  523 

3.5 Extent of reaction 524 

Quantification of the different phases, i.e., the reaction products and unreacted GGBS, has been 525 

performed using the X-ray PDF data collected at each reaction time, similar to the quantification 526 

approach used to analyze the 5-month PDF data as described in Section 3.2. At each timestep, the 527 

quantification has been carried out based on four possible phases: unreacted GGBS, C-(N)-A-S-H 528 

gel, Ht, and Hc. The resulting scale factors of these phases have been used to obtain the relative 529 

quantity of each phase, 𝑞𝑞𝑖𝑖, estimated at each measurement time, t, using the following equation 530 

(Eq. (4)):  531 

𝑞𝑞𝑖𝑖𝑡𝑡 = ( 𝑆𝑆𝑆𝑆𝑖𝑖
∑𝑆𝑆𝑆𝑆𝑖𝑖

)𝑡𝑡                                                        (4) 532 

where 𝑆𝑆𝑆𝑆𝑖𝑖 is the scale factor of the ith phase at time t.  533 

   534 

Based on the relative proportion of each phase, the degree of reaction (DOR) of the GGBS at time 535 

t can be estimated using the following equation (Eq. (5)):  536 

𝐷𝐷𝐷𝐷𝐷𝐷𝑡𝑡 = 1 − 𝑞𝑞𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡                                                 (5) 537 

where 𝑞𝑞𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡 is the quantity of unreacted GGBS in the paste at time t, calculated using Eq. (4). 538 

 539 

Figure 11a displays the evolution of the quantities of the different phases as the alkaline activation 540 

reaction progresses, clearly showing that both the dissolution of GGBS and the formation of C-541 

(N)-A-S-H gel follow a logarithmic-type behavior, in agreement with the XRD results in Section 542 

3.3 (Figure 7) and the PDF peak intensity/position results in Section 3.4 (Figures 9 and 10). The 543 

formation of the secondary Ht phase is also seen to have a logarithmic-type behavior with time, 544 

which is consistent with the XRD data in Figure 7. However, the trend for Hc phase formation 545 

seen in Figure 11a (continual growth up to 5 months) is different from that obtained from the XRD 546 
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data (Figure 7) where Hc phase stopped forming at ~10 hours and its total amount decreased 547 

between 77 hours and 5 months. To attempt to reconcile these differences, we have also carried 548 

out the PDF quantification with the inclusion of an Mc or Hc’ phase (in addition to unreacted 549 

GGBS, C-(N)-A-S-H gel, Ht and Hc phases), since we postulated in Section 3.3 that a 550 

transformation of Hc to the Mc or Hc’ phase may have occurred at the advanced age of curing. 551 

The results, seen in Figure S5a-d of the Supplementary Material, do not show such a 552 

transformation of Hc to the Mc or Hc’ phase and instead show, once again, a logarithmic-type 553 

growth for the Hc phase. This discrepancy between the XRD and PDF results regarding the trend 554 

of growth of the Hc phase may be caused by the limitations associated with the PDF quantification 555 

method used in this investigation, as discussed in Section 7 of the Supplementary Material.  556 

 557 

  558 

 559 
Figure 11. Evolution of (a) the relative quantities of the different phases and (b) the degree of 560 

reaction (DOR) in the NaOH-activated GGBS (in %) as a function of reaction time, obtained using 561 

the PDF quantification method. Also shown in (b) are the Rw values achieved for the least squares 562 
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refinement process at each timestep. A linear regression of each dataset using a logarithmic time 563 

scale is shown in the figure along with the goodness of fit (R2 value). (c) The fit of the DOR data 564 

during the first ~11 hours with a modified pseudo-single step first-order reaction model (𝛼𝛼 =565 

𝐴𝐴(1 − 𝑒𝑒𝑘𝑘𝑘𝑘)).  566 

The DOR data (in Figure 11b) obtained using the PDF quantification method agree reasonably 567 

well with results from other quantification methods that have been applied to similar types of 568 

alkali-activated GGBS pastes. For instance, the DOR for our 5-month NaOH-activated GGBS 569 

sample is estimated to be ~50%, which is consistent with values reported for similar hydroxide-570 

activated GGBS pastes cured for 100-180 days (~40-60%) obtained using NMR [14, 15] and 571 

backscattered SEM image analysis [14, 17, 18]. Note that the Rw values achieved for the least 572 

squares refinement are in the range of 0.47-0.50 (as seen Figure 11b), which are comparable with 573 

several previous investigations on the modeling of the atomic structure of amorphous GGBS (0.35-574 

0.47) [50, 61], iron-rich slag (0.38) [84], magnesium carbonate (0.48) [85] and metakaolin (0.77) 575 

[86]. Direct comparison of the experimental and simulated PDFs (similar to Figure 4a) at selected 576 

ages are given in Figure S7 of the Supplementary Material.  577 

 578 

We attempted to use simple rate equations (1st, 2nd, and 3rd order) to fit the data in Figure 11b, 579 

however, none of these rate equations adequately describe the reaction kinetics for NaOH-580 

activated GGBS. This is consistent with a previous investigation on the reaction kinetics of 581 

different alkali-activated systems [30], indicating the complexity of the alkali-activation process.  582 

Nevertheless, an altered pseudo-single step first-order rate equation was shown in ref. [30] to give 583 

a reasonable description of the reaction kinetics for several alkali-activated materials (including a 584 

NaOH-activated GGBS) during the early stages of reaction. Here, we evaluated whether a similarly 585 

modified pseudo-single step first-order rate equation in the form of 𝛼𝛼 = 𝐴𝐴(1 − 𝑒𝑒𝑘𝑘𝑘𝑘) can be used 586 

to describe the reaction kinetics of NaOH-activated GGBS during the initial ~11 hours. The fit 587 

result is present in Figure 11c, which shows that the early stages of reaction are accurately captured 588 

by this rate equation (with a weighted sum of the squared residue 𝜒𝜒2  of ~0.0003). The 589 

corresponding rate constant 𝑘𝑘 for the fit is 0.21 h–1, which is higher than that obtained in ref. [30] 590 

for a NaOH-activated GGBS (0.04 h–1), where data in the range of 2-10 hours were used to fit the 591 

function 𝛼𝛼 = 𝑐𝑐 + 1 − 𝑒𝑒𝑘𝑘𝑘𝑘. However, if 𝛼𝛼 = 𝐴𝐴(1 − 𝑒𝑒𝑘𝑘𝑘𝑘) is used to fit the same data from ref. [30] 592 
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over the range of 0-10 hours (see Figure S8 in the Supplementary Material for details), a slightly 593 

lower level of agreement is achieved, with a 𝜒𝜒2 of ~0.006. The corresponding rate constant 𝑘𝑘 for 594 

the fit in Figure S8 is ~0.20 h–1, which is almost the same as the fit results from Figure 11c, 595 

although the GGBS composition, activator concentration and method of calculating DOR are 596 

different. 597 

 598 

The PDF phase quantification method introduced here provides an alternative approach for 599 

quantifying the amorphous phase(s) present in a multi-phase amorphous/disordered/crystalline 600 

system, in addition to the well-known PONKCS method based on reciprocal space XRD data. One 601 

advantage of the current approach that is based on analysis of scattering data in real space is that 602 

it does not require the use of an internal or external standard for the quantification process (as often 603 

needed for the PONKCS method). Furthermore, real space X-ray PDF data provide valuable 604 

information on the local atomic structure of the amorphous phase(s) (such as GGBS); information 605 

that is hard to obtain from the same data if given in reciprocal space. Another advantage of the 606 

method presented here, compared with other experimental methods that have also been used to 607 

quantify the DOR of amorphous aluminosilicates in the cements field (including NMR [10, 14-608 

16], backscattered SEM [8, 17-19], selective dissolution [8, 9, 19-21], and TGA [9, 10, 18, 22, 23], 609 

as has been briefly outlined in the Introduction) is that the use of synchrotron-based X-rays allows 610 

for fast acquisition (i.e., seconds to a few minutes) of high-resolution data enabling phase 611 

quantification of in situ reactions involving cement-based systems without the need to artificially 612 

“freeze” the reaction prior to measurement. A drawback of this method is that it does need accurate 613 

structural representations for all major phases involved during the chemical reaction, including the 614 

amorphous GGBS phase, which limits quantification to systems where structural representations 615 

of all phases are available. Another limitation is the need for a synchrotron facility, which is usually 616 

not as accessible as most of the other techniques listed above.  617 

 618 

3.6 Comparison of the PDF quantification data with other experimental data 619 

As outlined in the Introduction, there are many other in situ experimental techniques that have 620 

been used to investigate the reaction kinetics of cement-based systems. Hence, to further validate 621 

the PDF quantification method, we have collected (or obtained from the literature) complementary 622 

in situ experimental data on the formation of NaOH-activated GGBS for comparison. The 623 
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complementary data include (i) ICC and FTIR for the same NaOH-activated GGBS binder, and 624 

(ii) QENS data from ref. [44] for a NaOH-activated GGBS based on different GGBS sources and 625 

Na2O content. Below the complementary reaction kinetics data from ICC and FTIR are compared 626 

with the DOR data obtained from the PDF analysis. Refer to Section 10 and Figure S9 of the 627 

Supplementary Material for comparison of the PDF-derived DOR with the QENS data. In 628 

summary, the quantification data based on PDF analysis are consistent with all three 629 

complementary techniques.  630 

 631 

3.6.1 Isothermal conduction calorimetry data 632 

ICC data collected on the same NaOH-activated GGBS investigated using the PDF quantification 633 

method are presented in Figure 12a, which show that the ICC heat flow curve exhibits two peaks: 634 

one major peak at the start of the measurement and a second less intense peak at ~1.5 hours, both 635 

of which are similar to our previous ICC data on hydroxide-activated GGBS [44]. The initial major 636 

peak is attributed predominantly to the wetting of particle surfaces, while the second peak is mainly 637 

due to the formation of reaction products [44]. If we compare the ICC data after 0.2 hours of 638 

reaction with the PDF-derived DOR data from Figure 11b (see Figure 12b for comparison), we 639 

clearly see that the two datasets are aligned. The smaller slope during the initial hour of the ICC 640 

data (compared to the slope for the data after 1 hour) has been captured by the PDF-derived DOR 641 

data. To further assess the validity of the PDF-based quantification method, the normalized ICC 642 

data at each timestep have been plotted against the PDF intensity values of specific atom-atom 643 

correlations, as shown in Figure S10 of the Supplementary Material. This figure reveals that there 644 

are clear linear trends between individual atom-atom correlations and the ICC cumulative heat.   645 

 646 

      647 
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Figure 12. (a) ICC data, and (b) comparison of the ICC cumulative heat with the degree of reaction 648 

(DOR) from PDF analysis as a function of reaction time. The ICC data in (b) have been normalized 649 

by assuming that the cumulative heat is zero at 0.2 hours (i.e., the heat attributed to wetting of 650 

particle surfaces has been removed). 651 

 652 

3.6.2 Fourier transform infrared spectroscopy data 653 

Figure 13a shows the evolution of the main asymmetric Si−O−T stretching band of the FTIR data 654 

collected on the same NaOH-activated GGBS binder over a period of 8 days. During the initial 655 

hour, the spectrum remains essentially unchanged, while at ~2 hours, a feature emerges at ~935 656 

cm−1, indicating gel formation (the feature is typical of C-S-H-type gels and tobermorite structures 657 

[87-89]). After ~4-8 hours, other characteristic features of C-S-H-type gels (e.g., ~805, ~895, and 658 

~1000 cm−1) become visible and grow with time. These observations, and specifically the 659 

emergence of peaks attributed to the main binder gel, are consistent with our previous investigation 660 

on a similar type of hydroxide-activated GGBS [44]. Based on the literature [44, 87-89], the main 661 

band at ~935 cm−1 and the two shoulders at ~895 and ~1000 cm−1 are assigned to asymmetric 662 

Si−O−T stretching of Q2 units with different local environments.  The band at ~805 cm−1 is 663 

assigned to Si−O stretching of Q1 tetrahedra [89]. 664 

 665 

It is possible to estimate the DOR for the hydroxide-activated GGBS by deconvolution of the main 666 

FTIR band (at 600-1100 cm−1) using multiple Gaussians and an unreacted GGBS component 667 

(Figure 13b), as outlined in our previous investigation [44]. An example deconvolution is shown 668 

in Figure 13b, where the shoulder region at ~840-860 cm−1  in the FTIR spectra of NaOH-activated 669 

GGBS has been attributed to unreacted GGBS since this feature does not seem to grow throughout 670 

the period investigated while the features next to it (i.e., ~805 and ~895 cm−1) emerge and grow 671 

[44]. Hence, the contribution from the unreacted GGBS to the overall band can be determined by 672 

scaling the vas Si−O−T band of the neat GGBS such that the spectrum at ~840-860 cm−1 overlaps 673 

with that of NaOH-activated GGBS, as highlighted by the red dashed circle in Figure 13b. This is 674 

based on the assumption that the overall shape of the vas Si−O−T band of unreacted GGBS remains 675 

the same as the neat GGBS. Based on the deconvolution of the FTIR spectrum (Figure 13b), we 676 

have estimated the relative amount of each individual deconvoluted band, ri, and the overall DOR 677 

for each timestep using the equations below: 678 
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𝑟𝑟𝑖𝑖 = 𝐴𝐴𝑖𝑖
𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺+∑𝐴𝐴𝑖𝑖

                                                                (6) 679 

𝐷𝐷𝐷𝐷𝐷𝐷 = ∑𝐴𝐴𝑖𝑖
𝐴𝐴𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺+∑𝐴𝐴𝑖𝑖

                                                              (7) 680 

where Ai is the area of the ith Gaussian and AGGBS is the area of the unreacted GGBS in Figure 13b. 681 

The evolution of DOR from the FTIR analysis is compared with that obtained from PDF analysis 682 

in Figure 13c, which shows that the overall trend and the DOR values are in general agreement 683 

but the DOR from FTIR contains more scatter. We have also compared the evolution of the 684 

individual deconvoluted bands (i.e., ri in Eq. (6)) with the DOR from the PDF analysis in Figure 685 

S11 of the Supplementary Material, which reveals similar trends of evolution for all the individual 686 

deconvoluted bands, i.e., logarithmic functions of reaction time with R2 values of 0.70-0.92. This 687 

suggests that all four bands (~805, ~895, ~935 and ~1000 cm−1) are associated with the formation 688 

of C-(N)-A-S-H gel. A major difference between the two methods (i.e., FTIR and PDF to obtain 689 

the DOR data) is that the FTIR method does not capture the formation of C-(N)-A-S-H gel during 690 

the initial hour (see Figure 13c) in contrast with the PDF method where gel formation during the 691 

initial hour is clearly evident (as seen in Figure 11a). An interesting, yet subtle observation from 692 

Figure 13a is that the main asymmetric Si−O−T stretching band position shifts progressively to 693 

larger wavenumbers as a function of reaction time (the shift is clearly evident in Figure S12 of the 694 

Supplementary Material by the evolution of the main deconvoluted band at ~935 cm–1). This shift 695 

suggests that the gel forming during this period (192 hours) becomes increasingly more 696 

polymerized with the progress of reaction.  697 

 698 

 699 



 34 

 700 

 701 
Figure 13. (a) Evolution of the FTIR spectra (from 600-1100 cm−1) as a function of reaction time 702 

collected on NaOH-activated GGBS. (b) The deconvolution of a typical FTIR spectrum (8 hour 703 

data) using Gaussians to model the C-(N)-A-S-H gel and the FTIR spectrum of neat GGBS to 704 

account for unreacted GGBS. (c) Comparison of the evolution of the degree of reaction (DOR) 705 

values obtained using PDF and FTIR analysis.  706 

   707 

3.7 Broader impact & limitations 708 

3.7.1 Broader Impact 709 

The quantification method outlined in this investigation that combines atomistic modeling of 710 

disordered phases and/or structural representations obtained from the literature with in situ X-ray 711 

PDF analysis is seen to accurately capture the quantity of amorphous/disordered and crystalline 712 

phases throughout the reaction process of NaOH-activated GGBS. Moreover, the use of structural 713 

representations for the quantification method, as opposed to solely experimental datasets, allows 714 
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for changes in the local bonding environments to be identified and analyzed, providing additional 715 

insight on structural changes that occur during the reaction. In general, such an approach can be 716 

applied to other complex chemical processes that involve transformations between amorphous, 717 

disordered, and crystalline phases. These processes include those involving other AAMs, blended 718 

cements, bioglass dissolution, mineral dissolution, glass corrosion, and nuclear waste 719 

encapsulation [1-4]. The use of in situ synchrotron X-rays also enables these chemical processes 720 

to be probed in an undisturbed state with high temporal resolution. This is particularly important 721 

for chemical processes involving phase formation/transformation processes on the seconds-to-722 

minutes time scale, as is the case for the formation of cements. Lastly, as exemplified here, the 723 

quantification of the different phases and the DOR as a function of time can be combined with 724 

reaction kinetic models to provide additional insight into the type of processes that are occurring 725 

during the in situ reaction. 726 

 727 

3.7.2 Limitations 728 

Although the method introduced here is seen to give an accurate quantitative description of GGBS 729 

dissolution, phase formation and DOR in the NaOH-activated GGBS (generally consistent with 730 

the ICC and FTIR data, as well as BWI data from QENS analysis), several limitations need to be 731 

considered and discussed. As alluded to in Section 3.5, as it stands this method is less sensitive to 732 

the evolution of minor phases and hence may not be able to capture all the potential transformations 733 

occurring during the alkaline activation process; for example, the possible transformation of Hc to 734 

the Mc or Hc’ phase at the later stages of reaction in NaOH-activated GGBS, as indicated by the 735 

in situ XRD data (Figures 6 and 7). Furthermore, the application of this method requires accurate 736 

structural representations for all the potential individual phases in the system at any given time, 737 

yet the generation of accurate structural representations can be particularly challenging for 738 

amorphous materials. In this article, we have generated a reasonable atomic structural 739 

representation for the amorphous GGBS by using force-field MD simulations. However, there are 740 

still obvious discrepancies between the experimental and simulated (from MD simulations) PDF 741 

data, as illustrated in Figure 2. An improved structural representation for the amorphous phase as 742 

well as the reaction product phases may further enhance the performance of this quantification 743 

method.  744 

 745 
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Possible future work includes optimization of the force-field MD-generated structural 746 

representation of GGBS using DFT calculations to obtain a more accurate structure. However, this 747 

would require the use of a smaller system size (i.e., fewer atoms) such that the DFT calculations 748 

are not computational prohibitive, which may make it difficult to accurately describe the structural 749 

arrangements within an amorphous phase. Alternatively, the development of more accurate force-750 

fields for modeling GGBS will be extremely valuable, especially considering the need to cover an 751 

extremely large compositional range of glasses relevant to AAM and blended cement technologies 752 

in order to establish important composition-structure-reactivity relationships. Furthermore, 753 

although the C-(N)-A-S-H gel structural representation used here has been optimized using DFT 754 

calculation, several important features of C-(N)-A-S-H gels in NaOH-activated GGBS have not 755 

been replicated by the structural representation. This includes (i) the disordered nature of the gel 756 

(treated as crystalline in the simulation) and (ii) finite silicate chain length (the structural 757 

representation had an infinite chain length). 758 

 759 

Finally, the structure of the unreacted GGBS and the reaction product phases (i.e., C-(N)-A-S-H, 760 

Ht and Hc) are assumed to remain the same throughout the period studied, which may be different 761 

from reality to a certain extent. For example, the interlayer space of the C-(N)-A-S-H gel is seen 762 

to decrease with the progress of reactions (see Figure 6 and Section 3.3), as opposed to remaining 763 

the same, while the FTIR data in Figure S12 suggests the extent of polymerization for the C-(N)-764 

A-S-H gel gradually increases with reaction time. Also, there could be an altered GGBS layer with 765 

different compositions due to potential incongruent dissolution (and hence different atomic 766 

structures) formed at the reaction front of the unreacted GGBS, which could not be taken into 767 

account using the current method. However, this altered GGBS layer, if present, is likely to be thin, 768 

as a recent study on blended cements reveals a distinct boundary between unreacted GGBS and 769 

reaction products using SEM elemental mapping [74].  770 

 771 

4 Conclusions 772 

Chemical processes involving amorphous-to-disordered/crystalline transformations (and vice 773 

versa) are ubiquitous in many important natural and engineering applications, including 774 

sustainable cements such as alkali-activated materials (AAMs). However, our ability to (i) capture 775 
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changes in both phase assemblage and local bonding environments and (ii) quantify the rate and 776 

extent of such changes is somewhat limited, particularly for complex systems that also contain 777 

multiple amorphous and disordered components. In this study, the phase evolution and atomic 778 

structural changes occurring during the formation of a sodium hydroxide-activated ground 779 

granulated blast-furnace slag (GGBS) have been investigated using in situ high-resolution X-ray 780 

diffraction (XRD) and X-ray pair distribution function (PDF) analysis. The XRD results showed 781 

that the reaction products, including the main sodium-containing calcium-alumino-silicate-hydrate 782 

(C-(N)-A-S-H) gel phase and two layered double hydroxide (LDH) secondary phases (i.e., calcium 783 

hemicarboaluminate (Hc) and a hydrotalcite-like phase (Ht)) form immediately after mixing. The 784 

C-(N)-A-S-H gel and the Ht phase grow continuously with the progress of the reaction. Analysis 785 

of the gel basal peak suggested an increase in the interlayer ordering and reduction of basal spacing 786 

for the gel as the reaction evolved. In situ X-ray PDF analysis revealed a continuous increase of 787 

structural ordering attributed to the loss of amorphous GGBS and the emergence of a more ordered 788 

C-(N)-A-S-H gel along with contributions from the crystalline secondary phases. 789 

 790 

Based on the in situ real space PDF data, we outlined a method for quantification of the amorphous-791 

to-disordered/crystalline transformations that occur during sodium hydroxide activation of GGBS. 792 

First, we generated a detailed atomic structural representation for the amorphous GGBS by use of 793 

a melt-and-quench approach utilizing force-field molecular dynamics (MD) simulations, which 794 

was seen to be in agreement with the X-ray PDF data. Second, the evolution of the individual 795 

phases was quantified as a function of reaction time, specifically by comparing the in situ 796 

experimental PDF data of the formation of NaOH-activated GGBS with simulated PDF data 797 

obtained from the MD-generated structural representation of GGBS together with literature-798 

derived structural representations of the reaction products. These structural representations also 799 

enabled, for the first time, the assignment of major atom-atom correlations to the individual PDF 800 

peaks seen in the in situ experimental data out to ~14 Å. A major outcome of the PDF phase 801 

quantification of NaOH-activated GGBS was the calculation of the overall degree of reaction 802 

(DOR), which was seen to agree with existing literature data. Moreover, the evolution of the DOR 803 

during the early stages of reaction (~0.2-11 hours) was seen to be accurately captured by a modified 804 

pseudo-single step first-order reaction model (𝛼𝛼 = 𝐴𝐴(1 − 𝑒𝑒𝑘𝑘𝑘𝑘)). However, if the later stages of 805 

reaction were included (up to 5 months), the evolution of DOR was more accurately described by 806 
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a logarithmic function. Validation of the PDF-derived DOR was carried out via comparison with 807 

isothermal conduction calorimetry (ICC) and Fourier transform infrared spectroscopy (FTIR) data 808 

collected on the same NaOH-activated GGBS and in situ quasi-elastic neutron scattering (QENS) 809 

data collected on a different NaOH-activated GGBS, as reported in the literature. Hence, this 810 

investigation has highlighted the power of combining atomistic modeling with in situ X-ray PDF 811 

analysis for studying the reaction mechanisms and kinetics occurring in a complex material system 812 

involving amorphous-to-disordered/crystalline transformations.  813 

5 Supplementary Material  814 

Estimation of the CMAS glass density at different temperatures; Calculation of the PDF and partial 815 

PDFs from a structural representation; Ca-O-Ca angular distribution for GGBS and C-(N)-A-S-H 816 

gel structural representations; Fit data in Figure 7 using sigmoidal shape functions; Ca coordination 817 

number of GGBS and C-(N)-A-S-H gel structural representations; PDF phase quantification based 818 

on five phases; Impact of zeroing negative scale factors on the phase quantification results; 819 

Analysis of the reaction data for a NaOH-activated GGBS from White et al., 2013; Calculation of 820 

the relative quantity of chemically bound H-atoms based on phase quantification using PDF data; 821 

Comparison of PDF and ICC data; Comparison of experimental and simulated PDFs at selected 822 

ages; Analysis of the individual deconvoluted FTIR bands. 823 
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