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Abstract 16 

In-situ X-ray diffraction (XRD) is a powerful tool to assess the hydration of cementitious materials, 17 

providing time-resolved quantitative analysis with reasonable accuracy without disturbing sample. 18 

However, the lack of guidelines and well-established procedures for data collection and analysis is the 19 

limiting factor for spreading this technique. This paper discussed using in-situ laboratory XRD to 20 

assess cement hydration. The first part was dedicated to a literature review on the topic. Then, 21 

experimental strategies were discussed, and recommendations related to the data analysis routine were 22 

drawn; the advantages and limitations of this technique were also discussed. We can conclude that the 23 

critical factors for a successful analysis are the choice of an adequate experimental setup with good 24 

statistics and low measurement time, the proper consideration of different amorphous contributions in 25 

the XRD pattern, and a good data analysis routine. Independent techniques are highly recommended 26 

to support the in-situ XRD data.  27 
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1. Introduction 31 

Portland cement is the most consumed manufactured material globally, with an average 32 

production of 4.6 Gt per year. Although its invention dates back approximately 200 years (patent GB 33 

5022 granted in 1824), we still do not fully understand its reaction mechanisms – the so-called 34 

hydration reactions [1]. Therefore, in addition to Portland cement (PC), alternative cements have 35 

emerged to reduce the environmental impact caused by PC production, which releases 0.8-1.0 tons of 36 

CO2 for each ton of clinker produced and is responsible for about 8% of the global CO2 emission [2]. 37 

Among these alternative cements, calcium (sulfo)aluminate [3,4], belitic [5,6], sulfobelitic or belite-38 

ye’elimite-ferrite (BYF) [7,8], magnesia-based [5], and alkali-activated cements [4,8] stand out. 39 

Another popular approach for reducing the CO2 emission associated with cement production is 40 

replacing high levels of Portland clinker with supplementary cementitious materials (SCMs). For 41 

instance, limestone calcined clay cements (LC3) allow about 50% clinker replacement with equivalent 42 

performance to PC [9].  43 

These cements progressively react with water (or alkaline solution) to form new phase 44 

assemblage, filling space and developing mechanical properties. This process is based on the 45 

simultaneous dissolution of anhydrous cement compounds and precipitation of solid phases. The 46 

kinetics of these reactions as well as the type and content of the products formed, affect both the fresh 47 

(e.g., rheology and setting time) and the hardened properties of the material (e.g., porosity, mechanical 48 

strength, and durability). Therefore, it is crucial to study the phase assemblage of cementitious systems 49 

over time. However, each cement is composed of different phases and forms various products with 50 

different kinetics, making it difficult to properly quantify and characterize the phases present in these 51 

cementitious systems over time. 52 

The evolution of equipment and analytical techniques has allowed new insights into the 53 

reaction mechanisms of different cements. X-ray diffraction (XRD) is one of the most used techniques 54 

in order to evaluate the phase composition of anhydrous and hydrated cementitious materials. It 55 

(usually) allows quantitative phase analysis (QPA) with reasonable accuracy while small amounts of 56 

sample and low testing times (as low as 10 minutes) are required [10]. Besides, XRD provides QPA 57 

results that agree well with independent methods such as thermogravimetric analysis (TGA) [10,11], 58 

isothermal calorimetry [12], scanning electron microscopy (SEM) [10], and nuclear magnetic 59 

resonance (NMR) [13,14]. The progress achieved in terms of equipment and software made XRD 60 

popular, from laboratory research to cement plants for quality control of clinker production [13]. 61 

Currently, there is a variety in equipment size, analysis capability and price, from benchtop 62 

diffractometers less than a meter in size costing tens of thousands of dollars to synchrotron facilities 63 

with hundreds of meters in size, costing hundreds of millions of dollars. 64 

Time-resolved measurements are of great interest in cement research since they provide 65 

continuous information on reacting systems with little sample disturbance and no additional sample 66 

preparation, i.e., hydration stoppage and grinding. Techniques such as isothermal calorimetry provide 67 

continuous measurements with good reproducibility, but it only gives an overall look at the hydration 68 
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kinetics. Since different reactions occur simultaneously during cement hydration, methods like 69 

isothermal calorimetry do not allow separating between different dissolution and precipitation 70 

reactions which run synchronously during hydration. In contrast, in-situ XRD can provide the 71 

individual content of each phase in the system over time and consequently, each dissolution and 72 

precipitation reaction can be followed, provided that the phases dissolved or formed are crystalline. 73 

Synchrotron XRD has been successfully used in recent years for in-situ analysis of hydrating cements 74 

[15–21]. Although synchrotron XRD provides high-quality data with a short measurement time, the 75 

equipment involved are very expensive, which limits access to them. In fact, there are currently less 76 

than 100 synchrotron facilities worldwide. In turn, laboratory X-ray diffractometers are far more 77 

affordable and can also provide in-situ quantitative measurements. 78 

Figure 1 shows the number of articles published in the past year addressing in-situ laboratory 79 

XRD applied to cement-based materials; full data is available in Supplementary File. The use of this 80 

technique for cement-based materials is relatively new and is growing fast; however, it is still restricted 81 

to a few research groups due to the complexity of data analysis. This occurs even though the 82 

experimental setup required for in-situ experiments is not that different from powder XRD (discussed 83 

in Section 2.2), so the lack of guidelines and well-established procedures for data collection and 84 

analysis is the limiting factor for further spreading the use of this technique.  85 

  86 

Figure 1. Articles published in the past years addressing in-situ laboratory XRD applied for cement-87 

based materials. Result for Scopus database search in August 2022 for (“in situ XRD” OR “in-situ 88 

XRD”) AND (“cement” or “C3S” or “alite” or “C3A” or “ye’elimite” or “alkali-activated”) in the 89 

title, keywords, or abstract. Note: it only considers laboratory XRD studies related to cement 90 

hydration. 91 

 92 

In this context, the current paper discusses the use of in-situ laboratory XRD (hereafter called 93 

in-situ XRD) applied to assess cement hydration. Section 2 presents a literature review on the current 94 
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applications (Section 2.1) and summarizes the testing conditions reported (Section 2.2). Sections 3-5 95 

discuss the appropriate experimental procedures and data analysis strategies, besides drawing 96 

recommendations for the refinement routine. The limitations and advantages of using this technique 97 

alone and in combination with other analytical methods are also discussed.  98 

2. Current applications and experimental settings 99 

Several studies have used in-situ XRD to follow the reaction of different cements over time. 100 

Section Erro! Fonte de referência não encontrada. presents a literature review of the main findings 101 

on the use of in-situ XRD applied to cement-based materials. The experimental conditions used in 102 

these previous studies are summarized and discussed in Section 2.2. 103 

2.1. Literature review 104 

2.1.1. Pure cement phases 105 

Valentini et al. [22] studied the hydration of pure C3S in the absence and the presence of 106 

gypsum over the first 12.5 hours of hydration. The authors observed that the addition of gypsum 107 

accelerated the hydration degree of C3S and the C-S-H formation after the onset of the acceleration 108 

period, confirming what Mota et al. [23] observed earlier without XRD. By combining the amorphous 109 

content obtained by the G-factor method (see Section 3.3) and mass balance calculations, the authors 110 

suggested that a significant amount of 𝑆𝑂4
2− are incorporated in C-S-H by surface adsorption. 111 

Similarly, Bergold et al. [24] followed the first 35 hours of the hydration of a synthesized monoclinic 112 

C3S through in-situ XRD and isothermal calorimetry, observing that the crystallite size of C-S-H 113 

remained unchanged (ranging within 7.7-9.1 nm) from the first formation of C-S-H until the end of 114 

the experiments. They also observed that C-S-H formation did not occur fully synchronized with C3S 115 

dissolution, indicating the formation of an intermediate phase, i.e., a short-range ordered C-S-H non-116 

detectable by XRD before forming long-range ordered C-S-H nanostructure. These findings 117 

corroborate Jennings’ C-S-H model [25–27], where its growth occurs by the aggregation of 118 

“particles”, which was recently confirmed by Plank et al. [28] using transmission electron microscopy.  119 

Quennoz and Scrivener [29] conducted one of the first in-situ investigations on the hydration 120 

of C3A-gypsum systems. In-situ XRD confirmed that the solid gypsum depletion leads to renewed and 121 

fast C3A dissolution and ettringite consumption for monosulfate formation. Kirchheim et al. [30] 122 

evaluated the first 15 hours of hydration of cubic and orthorhombic C3A pastes with different amounts 123 

of gypsum by in-situ XRD and isothermal calorimetry. It was observed that the orthorhombic C3A 124 

reacted much faster in the presence of gypsum, presenting faster ettringite formation, as well as faster 125 

gypsum and C3A consumption compared with cubic C3A pastes. Andrade Neto et al. [31] evaluated 126 

the hydration of cubic, cubic + NaOH, and Na-doped orthorhombic C3A in the presence of gypsum 127 

and hemihydrate using in-situ XRD together with isothermal calorimetry and TGA. The authors 128 

observed that orthorhombic C3A had a faster dissolution, with quicker ettringite formation and sulfate 129 

depletion. In turn, the addition of NaOH in the solution did not influence the hydration of cubic C3A 130 
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in the first 20 hours. Thus, the XRD results coupled with calorimetry indicated that the higher 131 

reactivity of orthorhombic C3A is due to the change in the crystalline structure rather than the presence 132 

of sodium in the solution. This trend was also observed by Wistuba et al. [32] when evaluating four 133 

white Portland cements with different amounts of Na2O in the clinker through in-situ XRD. 134 

Additionally, the authors found that the Na doping delayed the formation of crystalline ettringite and 135 

monosulfate during the first few hours of hydration.  136 

Cai et al. [33] analyzed the effect of seawater as mixing water on the hydration of cubic C3A 137 

through in-situ and powder XRD, in addition to complementary techniques. It was observed that the 138 

seawater retarded C3A hydration mainly due to the ion-pairing of Ca2+ and SO4
2-

 onto the surface of 139 

C3A, as previously suggested by Myers et al. [34] by using different techniques such as zeta potential 140 

measurements and X-ray absorption spectroscopy (XAS). Besides, the precipitation of Mg(OH)2 on 141 

the surface of C3A also contributed to the delay in the C3A reaction. Finally, the presence of Cl- ions 142 

in the seawater led to Friedel´s salt formation instead of hydroxy-AFm (the latter, observed in the paste 143 

produced with deionized water). Ectors et al. [35] studied the hydration of synthetic brownmillerite 144 

(C4AF) in the presence of low Ca-sulfate content and calcite by quantitative in-situ XRD and 145 

calorimetry. The authors observed a similar behavior to the C3A pastes mentioned before [29–31]: a 146 

first initial reaction due to the rapid dissolution of bassanite and C4AF forming ettringite, followed by 147 

a period with low heat release where the dissolution of anhydrite and the formation of ettringite slowly 148 

continue. Then, a few hours after the complete anhydrite dissolution and ettringite maximum 149 

formation, C4AF started to dissolve again, while ettringite became unstable, and the AFm phases 150 

started to form. 151 

In-situ XRD can also be used to assess the effect of doping cement phases on their hydration. 152 

Souza et al. [36] doped C3S with ZnO, evaluating the phase formation and hydration, respectively, 153 

through powder and in-situ XRD. The authors observed that adding up to 2 wt% ZnO in the raw mix 154 

for cements synthesized at 1300°C, and up to 4 wt% ZnO for cements synthesized at 1500°C did not 155 

retard the cement hydration. Andrade Neto et al. [37] assessed the effect of doping C3S and C3A, 156 

respectively, with Al2O3 and Na2O, on the hydration of C3S-C3A-calcium sulfate systems using in-situ 157 

XRD. The authors found that the aluminum presence in C3S was the most impactful factor, leading to 158 

further and faster ettringite formation, anticipating gypsum depletion, and increasing the sulfate 159 

demand of the mixes. Na2O doping on C3A also increased the sulfate demand of the systems but to a 160 

lesser extent. 161 

Besides Andrade Neto et al. [37], other studies used in-situ XRD to evaluate C3S-C3A-162 

calcium sulfate systems. Hesse et al. [38,39] conducted one of the first in-situ studies on these systems, 163 

evaluating the hydration of 95% C3S + 5% cubic C3A samples in the presence of anhydrite and 164 

bassanite. Isothermal calorimetry and in-situ XRD were conducted. The authors calculated the 165 

hydration heat released by the samples through the enthalpies of the dissolution of the anhydrous 166 

phases and the formation of the hydrate phases. The key findings were: (i) the great heat release in the 167 

first minutes is due to the aluminate reaction; (ii) the main heat release period is dominated by the 168 
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silicate reaction; and (iii) the second and less intense heat flow peak (known as shoulder peak), is 169 

attributed to a new fast C3A dissolution with the final formation of ettringite. Finally, the authors 170 

observed that the dissolution of C3A is controlled by the availability of the calcium sulfate phases. 171 

Similarly, Quennoz and Scrivener [40] studied C3S and C3A-gypsum hydration interactions by in-situ 172 

XRD, calorimetry, and SEM. In-situ XRD results confirmed that C3A slowly dissolves during the first 173 

hours, while gypsum is dissolved and ettringite is formed quicker. When all solid gypsum is consumed, 174 

the C3A dissolution rate increases abruptly, and the ettringite formation rate increases. Zunino and 175 

Scrivener [41] evaluated the hydration of C3S-C3A-calcium sulfate systems, varying the fineness of 176 

the materials, through in-situ XRD, calorimetry, and SEM. XRD revealed that the amount of ettringite 177 

precipitated before the sulfate depletion and the adsorption of sulfate into C-S-H are the main factors 178 

influencing the sulfate balance of the studied systems: the C3S fineness influenced the C-S-H 179 

precipitation ratio, while the C3A fineness modified the amount of ettringite precipitated.  180 

2.1.2. Ordinary and blended Portland cements 181 

In-situ XRD has also been successfully applied to study the hydration of commercial Portland 182 

and blended cements (i.e., containing SCM) [10,42,43]. Jansen and co-authors conducted several 183 

studies on this topic. In Ref. [44], they proposed a remastered external standard method to determine 184 

the phase composition of hydrating cement pastes, using the “G-factor” method (detailed in Section 185 

3.3) for quantitative phase analysis. Combining in-situ XRD and isothermal calorimetry results, the 186 

authors observed that significant C3S dissolution and the portlandite precipitation only started after 187 

the end of the induction period. Regarding sulfates, they observed that gypsum is consumed faster 188 

than anhydrite. When all calcium sulfate was consumed (known as sulfate depletion), C3A started to 189 

dissolve again, resulting in a fast ettringite precipitation. In Ref. [45], the authors evaluated the 190 

hydration of PC pastes, comparing the heat release calculated from phase dissolution/precipitation 191 

with that measured by calorimetry. The authors observed that the C3S and C3A dissolutions and C-S-192 

H, portlandite, and ettringite precipitation were the main responsible for the heat release within the 193 

first 22 hours, while anhydrite and gypsum dissolutions had a small contribution to the heat release. 194 

In Ref. [46], they coupled in-situ XRD with pore solution and 1H NMR analyses to evaluate the early 195 

hydration of PC, finding a good correlation between the techniques. The authors also observed a good 196 

agreement between the theoretical amount of hydrogen in the solid fraction (obtained by 1H NMR) 197 

and that calculated by in-situ XRD (considering the amount of water present in C-S-H, ettringite, and 198 

portlandite). These technique associations will be further discussed in Section 5. 199 

The effect of different sulfate contents on white PC hydration was evaluated by Berodier et 200 

al. [47] through in-situ XRD and complementary techniques. The authors observed that the sulfate 201 

content increased the ettringite content while reducing the portlandite content. They also found that 202 

when gypsum depletion occurs (observed by in-situ XRD), the morphology of C-S-H changes from 203 

divergent needles to agglomerated morphology (observed by SEM). This change in the C-S-H 204 

morphology evidenced that the sulfate is adsorbed onto the C-S-H in the first hours of hydration but 205 

is released when the sulfate depletion occurs, which leads to a new fast ettringite formation (confirmed 206 
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by in-situ XRD), proving the previous findings from Mota et al. [23]. Still regarding sulfates, Dubina 207 

et al. [48] observed through powder XRD that hemihydrate and arcanite reacted with the C3A to form 208 

ettringite in “aged” PC (kept at 85% RH for 24 hours). The authors additionally used in-situ XRD to 209 

compare the reactivity of such aged PC with “fresh” (i.e., not pre-hydrated) PC, observing that the 210 

aged cement had a lower reactivity, with a slower C3S dissolution and portlandite formation. In turn, 211 

C4AF was not significantly affected by the pre-hydration.  212 

 Jakob et al. [49] coupled in-situ XRD and rheological measurements to evaluate the effect of 213 

the temperature (20°C and 30°C) on the early-age behavior of PC pastes (up to 5 hours). The authors 214 

observed that the amount of ettringite greatly influenced the rheological properties of the cement paste 215 

due to the high water consumption and the change in the water/solid ratio. Furthermore, the effect of 216 

ettringite on the rheological properties of the cement paste grows exponentially with the hydration 217 

time. Finally, the ambient temperature strongly influenced the amount of ettringite formed: an increase 218 

in the temperature leads to a faster ettringite formation, increasing the yield stress of paste. Also related 219 

to temperature, Schreiner et al. [50] used in-situ XRD to assess the hydration of PC-lime-anhydrite 220 

mixes at 70ºC, which corresponds to the mean temperature usually prevailing in the industrial process 221 

during the earlier hydration (before autoclaving) of the autoclaved aerated concrete. The authors 222 

successfully applied a new approach to treat anisotropic domain sizes for portlandite and tobermorite, 223 

which was previously developed by Ectors et al. [51,52]. The authors observed two distinct 224 

generations of portlandite: the first due to the lime hydration, showing anisotropic peak broadening, 225 

and the second due to the C3S hydration, which shows isotropic domain size. A biaxial cylindrical 226 

model was used for the anisotropic domain size calculation. It was shown that the “cylinder” 227 

(portlandite) height remains stable during the hydration process, but the cylinder diameter increases 228 

during the first hours of hydration.  229 

Regarding the incorporation of SCMs, Dittrich et al. [53] assessed the first 44 hours of 230 

hydration of PC blended with 50 wt% of siliceous fly ash and quartz powder using in-situ XRD and 231 

calorimetry. Two fly ashes and quartz powders with different particle sizes were used. The use of the 232 

coarser fly ash (d50 = 19.2 μm) and quartz powder (d50 = 22.3 μm) had a minor influence on the first 233 

44 h of hydration, while the use of the finer quartz powder (d50 = 2.3 μm) slightly accelerated the 234 

cement hydration. In turn, the use of the finer fly ash (d50 = 2.1 μm) led to a strong delay in the silicate 235 

reaction, retarding the dissolution of C3S and the formation of C-S-H. In contrast, the use of the finer 236 

fly ash accelerated the aluminate reaction and the ettringite precipitation. De Matos et al. [54] 237 

evaluated the hydration of PC pastes with 0-30 wt% replacement of cement with ceramic tile 238 

demolition waste (CTDW) or limestone filler through in-situ XRD and calorimetry. The authors 239 

observed that the CTDW enhanced the cement hydration kinetics compared to limestone filler, leading 240 

to further C3S consumption and ettringite and portlandite formation. These results agreed with the 241 

compressive strength results, in which the pastes with CTDW presented compressive strengths up to 242 

5% higher than those with limestone filler. Land and Stephan [55] analyzed the influence of different 243 

nanosilica on white Portland cement hydration through in-situ XRD and calorimetry. The authors 244 
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observed that the addition of nanosilica led to faster consumption of C3S and faster precipitation of 245 

portlandite. In addition, the greater the nanosilica surface area, the higher the acceleration on the C3S 246 

hydration. Zunino and Scrivener [56] used the in-situ XRD and isothermal calorimetry to study the 247 

mechanism responsible for the increased sulfate demand of the LC3. A strong linear correlation (R2 = 248 

0.97) between the ettringite and AFm contents obtained by in-situ XRD and the heat released during 249 

the aluminate peak in calorimetry was observed. They concluded that both limestone and calcined clay 250 

incorporation led to an increase in C-S-H precipitation rate due to the filler effect, and more sulfate 251 

was adsorbed by the C-S-H, accelerating the gypsum depletion. Redondo-Soto et al. [57] also studied 252 

PC samples containing calcined clay (67 wt% PC 42.5-R + 30 wt% metakaolin + 3 wt% gypsum), 253 

combining MoKα1 XRD and X-ray microtomography (µ-CT). For this purpose, pastes with a w/c ratio 254 

of 0.5 were loaded in a glass capillary of 1 mm in diameter for the in-situ XRD study and poured into 255 

cylinders for the ex-situ study according to Ref. [58]. The methodology for measuring both types of 256 

data in unaltered pastes in the same region of a given capillary has been recently reported for the first 257 

time in Ref. [59]. The authors found good agreement between the techniques discussed later in Section 258 

5. 259 

2.1.3. Portland cement with chemical admixtures 260 

In-situ XRD has been successfully applied to studies regarding the effect of admixtures on 261 

PC hydration. Jansen et al. [60] studied the effect of a polycarboxylate ether (PCE) superplasticizer 262 

on the hydration of a commercial PC using thermodynamic modeling to calculate heat flow diagrams 263 

from in-situ XRD data and then compared to the heat flow curves measured by isothermal calorimetry. 264 

It was shown that the superplasticizer retarded both silicate and aluminate reactions, suggesting that 265 

this retarding effect occurred due to (i) the complexation of Ca2+; (ii) the adsorption of superplasticizer 266 

on the nuclei of the hydrate phases preventing their growth; and/or (iii) the adsorption of the 267 

macromolecules on the surfaces of the cement/clinker phases which is in line with general discussed 268 

interactions of PCEs with PCs [61,62]. Such delayed silicate reaction in the presence of PCE was also 269 

reported by Valentini et al. [63], which observed that PCE affected the C–S–H nucleation and growth. 270 

Furthermore, the authors observed that a delayed PCE addition (e.g., after the first 4 min of mixing) 271 

prevented this phenomenon, similar to that observed by de Matos et al. [64] for PC and LC³ pastes 272 

with a 10-min delay in PCE addition.  Pott et al. [65] investigated the incompatibility between PC and 273 

PCE admixtures using in-situ XRD, isothermal calorimetry, rheological tests, and SEM. The authors 274 

observed that PCE accelerated the C3A and C4AF hydration, leading to a much faster ettringite 275 

formation and earlier hemicarbonate formation, resulting in a fast workability loss and early stiffening. 276 

This effect can be minimized by further gypsum incorporation or by delaying the PCE addition. Still 277 

regarding PCE, Kanchanason and Plank [66] evaluated the effect of self-synthesized C-S-H+PCE 278 

nanocomposite on the hydration and strength of slag and calcined clay blended cements using in-situ 279 

(besides other techniques), finding that C-S-H+PCE nanocomposite acts as a seeding material, 280 

accelerating both silicate and aluminate reactions and increasing the formation rate of portlandite, C-281 

S-H, ettringite, and AFm phases.  282 
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PC hydration in the presence of polymers other than PCE was also studied using in-situ XRD. 283 

Jansen et al. [67] evaluated the effect of two different dialyzed styrene-acrylate polymer dispersion on 284 

the early hydration of PC. The polymers retarded the cement hydration, slowing the C3S dissolution 285 

and the C-S-H precipitation, and the retarding effect was more substantial for the polymer with the 286 

lower glass transition temperature (Tg). According to the authors, the retardation of cement hydration 287 

is most likely due to the adsorption of the polymers on the cement or hydrate grains, hindering the 288 

nucleation and growth of the hydrate phases on them. Similarly, Kong et al. [68] investigated the 289 

effects of polymer latexes with cleaned serum on PC hydration by the combination of in-situ XRD, 290 

isothermal calorimetry, and Cryo-SEM. The authors observed that both polymers retard the silicate 291 

and aluminate hydration, slowing the C3S, C3A, gypsum, and anhydrite dissolutions, consequently 292 

delaying the formation of C-S-H and ettringite. Besides, anionic colloidal polymers had a greater 293 

retarding effect on the aluminate reaction than on the silicate, probably due to the stronger interaction 294 

between the polymer molecules and the positively charged aluminate phases. Lu et al. [69,70] studied 295 

the acting mechanism of triethanolamine (TEA) and diethanol-isopropanolamine (DEIPA) on PC, 296 

observing that the addition of TEA led to a retardation of C3S dissolution, slowing the portlandite 297 

precipitation. TEA accelerated both C3A and C4AF reactions, resulting in faster ettringite formation 298 

and gypsum depletion. Therefore, the addition of 0.5% of TEA resulted in undersulfated systems, in 299 

which the sulfate depletion and the renewed C3A hydration occurred before the C3S main reaction. 300 

Comparable interaction was found with DEIPA. Additional work on TEA and PC hydration applying 301 

in-situ XRD was done by Hirsch et al. [71]. It was found that the impact of TEA on PC hydration is 302 

affected by the dissolution rate of sulfate carriers.  303 

2.1.4. Calcium aluminate and sulfoaluminate cements 304 

Some studies have used in-situ XRD to follow the hydration of calcium aluminate (CA) and 305 

calcium sulfoaluminate (CSA) pure phases and cements. For example, Jansen et al. [72] studied the 306 

hydration of synthetic ye’elimite in the presence of calcium sulfates, observing that small amounts of 307 

ye’elimite reacted within the first hours (i.e., within the induction period), forming up to 5 wt% of 308 

ettringite. After the induction period (at around 2 hours of hydration), the ye’elimite dissolution rate 309 

increased, resulting in a large ettringite formation.  Ma et al. [73] investigated the effect of adding 4 310 

wt% ye’elimite in the C3S clinker, using in-situ and powder XRD to show that ye’elimite reacted 311 

within the first 1.5 hours, leading to a great ettringite formation. As a result, the hydrated ye’elimite-312 

doped C3S sample had a denser matrix at one day of age than the plain C3S sample. Wolf et al. [74] 313 

used in-situ XRD to assess the impact of incorporating Li2CO3 on the hydration of ternary CSA-PC-314 

anhydrite mixes, observing that moderate contents of Li2CO3 (i.e., up to 0.45 wt%) led to increased 315 

ye’elimite and C3S dissolutions and accelerated ettringite formation in the first hours, while higher 316 

Li2CO3 contents led to a severe retarding effect on ye’elimite dissolution after the first 12 hours. 317 

Engbert and Plank [75] investigated the mechanism behind the accelerating effect of alginate and 318 

related biopolymers on the hydration of CA cement using in-situ XRD and complementary tests, 319 
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proposing that the alginate molecules provide a heterogeneous crystallization surface, favoring the 320 

first nucleation and growth of C-A-H phases and accelerating the hydration of CA cements. 321 

Galan et al. [76] tested a new luminescent sensor technique for pH analysis to monitor the 322 

PC/slag, CSA and CA cement hydrations using in-situ XRD and isothermal calorimetry to correlate 323 

the hydration reactions with the changes in pH. For the PC-slag cement, a very high pH (> 13.0) was 324 

observed due to the dissolution of alkali sulfates, C3S and C3A, which provide significant amounts of 325 

hydroxyl and alkali ions to the solution. The CSA pastes presented a pH close to 11.0 at the first hours, 326 

which progressively increased with the dissolution of ye’elimite. Finally, the CA paste had a pH of 327 

11.6, which, according to the authors, was mainly related to the early dissolution of monocalcium 328 

aluminate.  329 

As for the effect of temperature on CA cement hydration, Goergens et al. [77] assessed the 330 

early hydration of CA-calcite mixes at 10, 23, 40, and 60°C using in-situ XRD. The temperature 331 

greatly influenced the CA cement hydration: the higher the temperature, the faster the clinker phases 332 

and calcite dissolution occurred. Consequently, the formation of the hydrate phases occurred faster at 333 

higher temperatures. At 23, 40, and 60°C, calcite dissolves during the CA main reaction, supplying 334 

carbonate for hemicarbonate and monocarbonate formation. However, at 10°C, these phases were not 335 

observed due to the very slow calcite dissolution, and the calcite acted as an inert filler. 336 

2.1.5. Alkali-activated materials 337 

Despite being less common than Portland and calcium (sulfo)aluminate cements, some studies 338 

used in-situ XRD to follow the reaction of alkali-activated materials. Sun and Vollpracht [78] studied 339 

the reaction of NaOH-activated fly ash, metakaolin, and slag at 20°C and 30°C using isothermal 340 

calorimetry and in-situ XRD. The authors observed that the amorphous solid precursors quickly 341 

dissolved within the first hours, and the amorphous gel (C-A-S-H/N-A-S-H) started to precipitate. 342 

After that, the dissolution rate of the precursors and the precipitation rate of the gels decreased 343 

smoothly with time. For the NaOH-activated slag, hydrotalcite was formed in the first hours in addition 344 

to C-A-S-H. The temperature rise from 20°C to 30°C increased the reaction rate for all systems, 345 

growing the content of amorphous precursors dissolved after 24 hours increased by 101.6%, 46.6%, 346 

and 52.4% for the fly ash, metakaolin, and slag systems, respectively. Firdous et al. 2021 [79] studied 347 

the reaction of calcium carbonate minerals in sodium silicate solution and its influence in alkali-348 

activated systems using in-situ techniques (XRD and FTIR) besides TGA and SEM. The authors 349 

observed that calcite is dissolved in the first hours, resulting in an intense heat released; however, no 350 

crystalline product was formed during the first 5 hours of reaction. At approximately 6 hours, the heat 351 

release suddenly increases, related to the precipitation of natron (Na2CO3⸱10H2O), observed by in-situ 352 

XRD, and/or to the formation of poorly crystalline C-S-H, observed by in-situ FTIR. Gijbels et al. 353 

[80] evaluated the effect of incorporating phosphogypsum on the reactivity and hardened properties 354 

in alkali-activated slag matrix using in-situ XRD. The authors observed no gypsum, bassanite or 355 

anhydrite diffraction peaks, proving that the phosphogypsum was completely dissolved during the first 356 

minutes of reaction. Phosphogypsum incorporation also led to a fast formation of portlandite and 357 
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ettringite after the first hours; diffraction peaks of thenardite and merwinite were also observed in the 358 

first hours of reaction. After 22 hours, the sample consisted of a combination of amorphous hydration 359 

with thenardite and portlandite. However, it should be noted that the experimental conditions used by 360 

these authors were not appropriate, resulting in very low-intensity peaks (up to around 30 counts), 361 

resulting in poor XRD pattern quality, as further discussed next. 362 

It is worth emphasizing that evaluating fresh alkali-activated samples through in-situ XRD 363 

can be challenging because they often require higher w/s ratios, reaching values of 0.7-0.8 [81–83]. 364 

This results in an increased diffuse contribution of free water (specifically, activating solution), 365 

potentially leading to QPA issues, as discussed in Section 4.2. 366 

2.2. Experimental conditions 367 

Table 1 summarizes the experimental conditions reported in the literature for in-situ XRD 368 

analyses of cementitious pastes. Different diffractometers were used for this purpose, such as X’Pert 369 

Pro (PANalytical), D8 Advance (Bruker), and D5000 (Siemens). However, other diffractometers can 370 

also be used as long as they provide adequate testing conditions, detailed next. The power operating 371 

conditions reported are within 30-40 mA and 40-45 kV. Reflection mode with Bragg-Brentano 372 

geometry is the most usual choice for fresh pastes (Figure 2a), but transmission mode may also be 373 

considered (Figure 2b); this will affect the choice for the sample holder. In this regard, Dalconi et al. 374 

[84] compared the use of Bragg-Brentano geometry with a 35 mm diameter sample holder covered 375 

with Kapton film, focusing transmission capillary with a boron-glass capillary with 0.5 mm internal 376 

diameter, and focusing transmission flat sample geometry with sample mounted between two Kapton 377 

foils for in-situ XRD measurements of fresh PC paste. The authors found that glass capillary shows a 378 

high background contribution up to 25° 2θ (CuKα) and requires high fluidity for proper casting, but it 379 

minimizes segregation and preferred orientation issues (discussed in Section 4). Bragg-Brentano 380 

geometry allowed fast sample preparation and good intensity at short counting times but was more 381 

susceptible to segregation and preferred orientation at the paste-film interface. Transmission flat 382 

sample measurements had the lowest experimental background contribution and low segregation; 383 

however, it induced strong preferred orientation and only allowed the use of a low sample amount 384 

(0.08 g, potentially not representative of the bulk paste) to avoid absorption problems.  385 

Regarding reflection mode measurements, fresh samples should be poured into the sample 386 

holder and covered with a thin film to avoid water evaporation and sample carbonation. Kapton 387 

polyimide film (yellow foil in Figure 2a and Figure 3a) is the most used foil for this application, and 388 

its contribution to XRD patterns will be detailed in Section 3.2.1. Mylar PET foil can also be used for 389 

this purpose [75,85], but it is far less popular. As for the sample holder, little information is available 390 

in the literature; several works reported using “custom-made sample holder” but with no further 391 

information [39,44]. Figure 3a illustrates the sample holder used by Gobbo [86], disassembled (left) 392 

and loaded with fresh paste (right). Goergens et al. [77] used a fresh sample of 0.5 ml and 3 mm in 393 

thickness. In general, it should present an adequate area to ensure that enough X-ray radiation reaches 394 

the sample and sufficient depth to prevent radiation from reaching the bottom of the sample holder. 395 
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Regarding transmission mode measurements, fresh samples can be placed into glass capillary sample 396 

holders using a syringe (illustrated in Figure 3b) and sealed with wax, or mounted between two Kapton 397 

foils in a thin layer (~100 µm [87]) to minimize absorption effects. 398 

A temperature control system is desired [24,41,47,49,73] since it avoids temperature increases 399 

due to continuous X-ray radiation [88,89] and dissipates the heat generated by the cement hydration. 400 

It is well known that a temperature increase enhances the reaction kinetics of both cement and SCMs 401 

[90,91]. Bach et al. [92] also observed that a temperature rise reduced the pH of the pore solution and 402 

increased the sulfate concentration through the ettringite dissolution/destabilization, besides affecting 403 

the Ca/Si ratio of C-(A)-S-H. The exact increase in sample temperature during a laboratory XRD test 404 

has not been reported yet. However, Ectors et al. [35] associated the differences between the hydration 405 

kinetics measured by isothermal calorimetry and in-situ XRD with such sample heating even when 406 

using a temperature control system; since it cooled the sample holder from the bottom surface, the top 407 

(measured) surface was not completely cooled. Thus, alternate measurement and rest intervals can 408 

also be applied, e.g., recording a 10-minute scan every 30 minutes [31,93].  409 

Copper radiation (λKα1 = 1.54056; λKα2 = 1.54439 Å) is the most common radiation for in-situ 410 

(laboratory) XRD. However, De la Torre and co-authors [94,95] successfully used molybdenum 411 

radiation (λKα1 = 0.70930; λKα2 = 0.71359 Å) for powder (laboratory) XRD analyses of cementitious 412 

materials. Recently, a combination of laboratory X-ray diffraction (using strictly monochromatic 413 

MoKα1) and computed microtomography (µCT) showed that Mo radiation allows scanning thick 414 

capillaries (e.g., 1 mm in diameter), ensuring accurate sample preparation without micro bleeding in 415 

paste [59]. Although it is not considered an in-situ study since the data collection time was too high 416 

(238 minutes), it was the first step to establishing a methodology to analyze unaltered samples and 417 

determine hydration mechanisms accurately with this setup.  418 

In general, the collection time for in-situ laboratory XRD ranges between 10 and 15 minutes 419 

per scan. There seems to be a consensus that this is a reasonable time to assume that no significant 420 

change in sample composition occurred during each scan. High-speed detectors are required to enable 421 

such low collecting time while keeping good statistics, such as the X’Celerator (Panalytical) and 422 

LynxEye XE-T (Bruker) position-sensitive detectors, while point detectors should be avoided. 423 

Monochromators are interesting for powder diffraction since it removes Kα2 radiation [96]. However, 424 

they significantly reduce the X-rays incidence in the sample, requiring longer collection times to reach 425 

good statistics (e.g., >4 hours [59,97,98]), so it should be avoided for quick in-situ measurements. In 426 

turn, Ni filter (or similar) can be used to remove Kβ radiation without significantly reducing the X-ray 427 

incidence.  428 

Slits are used to collimate the X-ray beam and reduce axial divergence issues, but they also 429 

reduce the intensity of the diffraction peaks [99]. Thus, the set chosen must allow the equipment to 430 

apply enough radiation to provide reasonable intensity counts within the short period of in-situ 431 

analysis. In this regard, Rowles [100] recently investigated the effect of data quality and model 432 

parameters on Rietveld QPA results, concluding that a maximum intensity of at least 5000 counts 433 
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above background is desired in powder XRD for samples that contain minor/trace phases. This is close 434 

to that usually observed for in-situ XRD measurements in cementitious samples, with maximum 435 

intensities reaching around 3000-5000 counts [24,37,72,101]. Automatic slits are used for powder 436 

XRD measurements of cement samples [102], while to the best of our knowledge, the only report on 437 

using it for in-situ XRD of hydrating samples is from Raab and Pöllmann [93]. A systematic 438 

investigation of fixed vs. automatic slits for in-situ XRD measurements is required. Scan range is 439 

usually conducted from 5-8° 2θ to 40-55° 2θ (CuKα). Although powder XRD is often conducted up 440 

to 70° 2θ (CuKα), shortening the scan range allows for reducing the overall data collection time while 441 

keeping the main reflections of the major anhydrous phases: 11-44° 2θ for PC; 16-42° 2θ for CSA 442 

clinker; 11-50° 2θ for CAC and 8-55° 2θ for the calcium sulfate sources (for CuKα). Hydrated phases 443 

are formed during hydration, making it mandatory to start the measurements at lower angles. The 444 

starting angle mainly depends on the hydrated phases expected in the sample: while for pure ettringite 445 

binders, starting angles of 8° 2θ are reasonable, binders with AFm phases must be measured starting 446 

at lower angles. An example is the current research on alternative binders in which one major hydrate 447 

phase is strätlingite. Those samples must be measured from comparably low angles in as much as the 448 

(0 0 3) line appears at around 7° 2θ (CuKα). Besides, Jansen et al. [101] confirmed that no difference 449 

in the results was observed when working with 7-40° or 7-70° 2θ ranges (CuKα) for in-situ 450 

measurements of C3S sample. Step sizes within 0.011-0.024° 2θ are generally used, which provide 451 

adequate resolution and agree with the values proposed by Rowles [100]. Finally, using a knife-edge 452 

(or beam knife) is also an interesting choice. Although it slightly reduces intensity counting, it 453 

significantly reduces low-angle air scattering, allowing a low-order background fitting polynomial in 454 

the refinement [103], as discussed in Section 3.  455 

In summary, the experimental setup should acquire XRD patterns with the lowest background 456 

contribution and low-angle scattering possible within 10-15 minutes per scan, while maximum 457 

intensity counts of around 3000-5000 are desired.   458 

 459 

 

(a) 
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(b) 

Figure 2. Geometries used for in-situ XRD measurements of fresh paste. (a) reflection mode with 460 

sample covered with Kapton film [86]; (b) transmission mode with capillary sample holder (courtesy 461 

of Luca Valentini). 462 

 463 

  
(a) (b) 

Figure 3. Sample holders used for in-situ XRD measurements. (a) sample covered with Kapton film 464 

(adapted from [86]); (b) glass capillary filled with fresh paste.465 
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Table 1. Experimental parameters used for in-situ XRD analyses reported in the literature. 466 

Reference Diffractometer Detector Radiation Power 
Angular 

range (°2θ) 

Step size 

(°2θ) 

Total time 

per scan 

(min) 

Temperature 

control? 
Sample analyzed 

[24] [104] Bruker D8 LynxEye CuKα 40 kV; 40 mA 7 – 55 0.0236 10 Yes (23°C) C3S; w/s = 0.5 

[105]  Bruker D8 LynxEye - 40 kV; 40 mA 7 – 40 0.0236 15 Yes (23; 30; 37°C) C3S; w/s = 0.5 

[101] Bruker D8 LynxEye CuKα 40 kV; 40 mA 7 – 40 0.0236 13.5 Yes (23; 37°C) C3S; w/s = 0.5 

[44] Bruker D8 LynxEye CuKα 40 kV; 40 mA 7 – 40 0.0236 13.5 No PC; w/s = 0.5 

[45] Bruker D8 LynxEye CuKα 40 kV; 40 mA 7 – 40 0.0236 13.5 No PC; w/s = 0.5 

[65] Bruker D8 LynxEye CuKα (1) 40 kV; 40 mA 7 – 55 0.0236 - Yes (20°C) PC with and without PCE; w/s = 0.36 

[22](a) [63](b) PANalyticalX’Pert PRO(3) PIXcel CuKα (1),(2) - 
6 – 66(a);  
3 – 66(b); 

0.026(b) 20 Yes (23°C) (a)C3S+gypsum; w/s = 0.5; (b)C3S+PCE; w/s = 0.5  

[41](c) [56](d) PANalytical X’Pert PRO - CuKα (4) 45 kV; 40 mA 7 – 70 0.0167 14 Yes (20°C) (c)C3S + C3A + gypsum; w/s = 0.5; (d)PC and LC3; w/s = 0.4 

[54] PANalytical X’Pert PRO X’Celerator CuKα (1,5) 45 kV; 40 mA 7 – 55 0.0167 10 No PC + SCMs paste; w/c = 0.4 

[31](e) [37](f) 

[36](g) PANalytical X’Pert PRO X’Celerator CuKα (1,5) 45 kV; 40 mA 7 – 55 0.0167 10 No 

(e)C3A + gypsum/hemihydrate; w/s = 1.0; (f)C3S + C3A + 

gypsum/hemihydrate; w/s = 0.5. 
(g)C3S; w/s = 0.5. 

[47] PANalyticalX’Pert PRO X’Celerator CuKα - 7 –70 0.0167 15 Yes (20°C) White Portland cement; w/s = 0.4 

[39] Siemens D5000 SolX CuKα 40 kV; 30 mA 7 – 41 0.024 15 Yes (23°C) White Portland cement; w/s = 0.5 

[50] Bruker D8 LynxEye 
- 
 

40 kV; 40 mA 7 – 54.5 0.011 15 Yes (70 °C) PC + lime + anhydrite; w/s = 0.8 

[74] Bruker D8 LynxEye - - 7 – 55 0.0236 10 Yes (23°C) CSA + PC + anhydrite; w/s = 0.8  

[46] Bruker D8 LynxEye - - – - 10 Yes (23°C) PC, w/s = 0.5 (6) 

[77] Bruker D8 LynxEye CuKα (7) 40 kV; 40 mA 6 – 45 0.0236 7.4 Yes (10; 23; 30 °C) CAC + calcite; w/s = 0.4 (6) 

[78] PANalyticalX’Pert PRO - CuKα (8) 40 kV; 40 mA 5 – 60 0.0167 14.3 No NaOH-activated fly ash, metakaolin and slag; w/s = 0.4-0.8 

[30] PANalytical Empyrean X’Celerator - - 5 – 55 - - No C3A+gypsum; w/s = 1.2 

[29](h) [40] (i) PANalytical X’Pert PRO X’Celerator CuKα - 7 – 36 0.017 14 No 
(h) C3A+gypsum; w/s = 1.0 

(i) C3S+C3A+gypsum; w/s = 0.4 

[73] PANalytical X’Pert PRO X’Celerator CuKα 40 kV; 40 mA 8 – 40 0.017 15 Yes (20°C) C3S + ye’elimite; w/s = 0.4 

[60] Bruker D8 LynxEye CuKα - - - - No PC + PCE; w/c = 0.5 

[49]  Bruker D8 LynxEye CuKα - 7 – 55 0.0236 10 Yes (20; 30 °C) PC; w/c = 0.36 

[69] Bruker D8 LynxEye CuKα - 7 – 40 0.0236 10 Yes (23 °C) PC + TEA; w/c = 0.41 

[53] Bruker D8 LynxEye CuKα 40 kV; 40 mA 7 – 55 0.0236 14 No PC + quartz/fly ash; w/s = 0.5 
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[35] Bruker D8 LynxEye CuKα (5) 40 kV; 40 mA 7 - 40 0.02 14 Yes (23 °C) C4AF + calcium sulfate + portlandite + calcite; w/s = 0.8 

[67] - - - - - - 15 Yes (23 °C) PC + polymers; w/c = 0.41 

[66] Bruker D8 - CuKα 40 kV; 30 mA 8 – 44 - - No 
PC + slag/calcined clay + C-S-H-PCE nanocomposite; w/c = 0.45 

and 0.5 

[75] Bruker D8 VẢNTEC-1 CuKα (9) 40 kV; 30 mA 5 – 40 0.025 14 No CAC + alginate; w/c = 0.5 

[38] Siemens D5000 SolX CuKα 40 kV; 30 mA 7 – 41 0.024 15 Yes (23; 37 °C)   Synthetic cement; w/c = 0.5 

[55] Bruker D4 ENDEAVOR LynxEye CuKα - 5 – 65 0.02 15 No White Portland cement + nano-silica; w/s = 0.5 

[68] - - - - - - 10 Yes (23 °C) PC + polymers; w/c = 0.41 

[33] 
Rigaku SmartLab 9 kW-

Advance 
- CuKα - 5 - 36 0.02 1 No C3A; w/s = 1.0 

[76] PANalytical X'Pert PRO - CuKα 40 kV; 40 mA 7 - 55 0.017 - No PC, CSA, CA; w/c = 0.4-0.5 

[48] Bruker D8 - CuKα - 8 - 44 - - No PC; w/c = 0.5 

[79] PANalytical Empyrean - CuKα 40 kV; 40 mA 12 - 56.8 0.0131 23.6 No Alkali-activated limestone; w/s = 0.39 

[80] Bruker D2 - CuKα 30 kV; 10 mA 6 - 55 0.02 13 No Alkali-activated slag; activator/precursor ratio = 0.6 

[106](j) 

[107](k) 
PANalytical Empyrean PIXcel1D CuKα1 

(10) 40 kV; 40 mA 6 - 40 - 15 (h)Yes (25°C) 
(j) LC3 systems; w/s = 0.5. 

 (k) Calcined phyllosilicates clinker-free systems. 

[84] PANalytical X'Pert PRO PIXcel(3),(11),(12) CuKα - 
2 - 66 (3);               

6 - 76 (11),(12) 
- 15(11),(12) - 20(3) Yes (23 °C) PC; w/c = 0.5 

[87] PANalytical X'Pert PRO X’Celerator(11),(12) CuKα  45 kV; 40 mA 5 – 65 0.017 20 No PC with and without calcium nitrite; w/c = 0.5 

[93] PANalytical X'Pert PRO - CuKα (13) 45 kV; 40 mA 5 - 70  - 10.42 No C12A7; w/s = 2.0 

(1) Ni filter; (2) Incident and diffracted beam optics included an elliptical focusing mirror, 0.04 rad Soller slits, divergence, and anti-scatter slits of 0.5° aperture; (3) Boron-glass capillaries with 0.5 mm internal diameter were used as 
sample holders; (4) 1° Soller slit; (5) full experimental setup available in the reference; (6) three replicates; (7) 0.3° divergence slit; (8) 0.5° divergence slit, 1° incident anti-scatter slit, 5.5° receiving anti-scatter slit; (9) 0.5º divergence slit; 

(10) Bragg–BrentanoHD monochromator; (11) equipped with a focusing elliptical mirror, measured at transmission mode; (12) sample mounted between two Kapton foils; (12) automatic slits. PC: ordinary Portland cement; CSA: calcium 
sulfoaluminate cement; CA: calcium aluminate cement; PCE: polycarboxylate-ether admixture; TAE: triethanolamine.  

  467 
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3. Data analysis 468 

3.1. Background fit 469 

The background fit is often overlooked, but it plays a crucial role in the accuracy of QPA. 470 

Manual background fitting should be avoided since it can affect the consistency of time-resolved 471 

analyses as well as increase the variability between different operators [108]. In addition, if not 472 

correctly fitted, the background can overlap the contribution of amorphous phases (e.g., C-(A)-S-H 473 

and SCMs) and consequently underestimate their contents. In this regard, Stetsko et al. [102] 474 

demonstrated the importance of the background fit on the accuracy of QPA of Portland cements 475 

containing different SCMs. According to the authors, a 1st order Chebyshev polynomial + 1/2θ 476 

background fit is always concave upwards throughout the 7-70° 2θ range (CuKα) usually adopted for 477 

cementitious materials analyses. In turn, higher-order polynomials may lead to 2θ ranges that are 478 

concave downwards, overlapping the diffuse scattering contribution of the amorphous phases and 479 

consequently underestimating their contents. To overcome this issue, Bergold et al. [24] proposed that 480 

the experimental background can be incorporated into a phase model used in the refinement (for 481 

instance, into the Kapton film model), therefore allowing the use of a low-order background during 482 

refinement. However, one must be aware that the background reflects the sample chemistry to a 483 

significant extent through fluorescence scattering. Thus, at least a minimum background fit is 484 

necessary, e.g., using a 1st order Chebyshev polynomial without 1/2θ term. 485 

It is stressed that the background contribution in an XRD pattern is directly related to the 486 

experimental setup used. The use of a “disadvantageous” experimental setup can harm the analysis, 487 

for instance, resulting in strong low-angle scattering. This would require either the use of a high-order 488 

polynomial or a high starting angle. For example, Li et al. [109] quantified the presence of fly ash in 489 

hydrated pastes using powder and slice samples. The authors observed strong low-angle scattering, so 490 

the best XRD pattern fitting was obtained for the starting angle of 13.5° 2θ (CuKα). However, this 491 

starting angle excludes the main reflections of important phases such as gypsum, ettringite, and AFm. 492 

3.2. Phase models 493 

The refinement of in-situ XRD data deals with the simultaneous presence of amorphous 494 

contributions, e.g., free water, Kapton film, C-(A)-S-H, and amorphous SCMs. These yield diffuse 495 

signals that increase the background. To systematically account for these contributions while 496 

achieving a good background fit, the development of phase models to describe these amorphous 497 

contributions is required. For example, Figure 4 shows an in-situ XRD pattern fitted with different 498 

phase models, where a 1st order Chebyshev polynomial was used, and a good fit (Rwp = 6.28%) was 499 

achieved. The strategies for the creation of these models will be discussed next. As for crystalline 500 

phases, a detailed list of the crystal structures used for XRD analysis of cementitious materials can be 501 

found in Ref. [108]. 502 
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 503 

Figure 4. Example of fitted in-situ XRD pattern of C3S-C3A-gypsum paste at 48 hours of hydration 504 

(23 °C; w/s = 0.5). Reproduced from [37] with permission from Elsevier. 505 

 506 

3.2.1. Kapton 507 

The use of a thin film/foil to cover the sample is essential in time-resolved XRD experiments 508 

conducted in fresh cement paste due to two main reasons: (i) it prevents/reduces the water evaporation 509 

(discussed later in Section 4.3); and (ii) it prevents sample carbonation. The Kapton film (Figure 3a) 510 

is the most popular foil used for this purpose, which corresponds to a polyimide film of about 10 µm 511 

in thickness. Since it is composed of a thin polymer layer, the contribution of the Kapton film in an 512 

XRD pattern corresponds to a diffuse scattering within around 10-30° 2θ for CuKα radiation (Figure 513 

5a).  514 

In order to avoid manual background fitting and thus prevent the issues discussed in Section 515 

3.1, a phase model can be used to account for the contribution of the Kapton film in an XRD pattern. 516 

Scherb et al. [110] detailed a procedure to create an hkl pseudo-phase to account for the Kapton 517 

contribution in addition to the experimental background. The authors adopted the space group 518 

P4/mmm and the lattice parameters a = 9.72 Å; c = 26.53 Å. A similar procedure was adopted by 519 

Andrade Neto et al. [31]. The procedure consists of creating and calibrating an hkl phase using a 520 

Pawley range to fit an XRD pattern of the Kapton film obtained experimentally. For this purpose, a 521 

standard crystalline material or a “zero diffraction” plate can be measured alone and covered with the 522 

Kapton film, isolating the foil's contribution, as reported by Maier et al [111] . For example, Figure 5a 523 

shows the XRD patterns of a silicon single-crystal zero background sample holder both without and 524 

with the Kapton foil measured under identical conditions. The difference in the XRD patterns can be 525 

attributed to the Kapton contribution and used to create the hkl phase. A similar approach was adopted 526 

by Hesse et al. [39]; however, these authors fitted the Kapton contribution with a specific set of peaks, 527 

i.e., by creating a peaks phase. In addition, measuring the Kapton film over a standard crystalline 528 
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sample (e.g., corundum in Figure 5b) allows to refine the lattice parameters of the Kapton hkl phase 529 

and therefore correctly place it along the 2θ axis [24].  530 

It is stressed that creating and calibrating a model for each film used is essential since different 531 

thicknesses were reported in the literature (e.g., from 7.5 to 25 µm [17,20,24,48,49]) and this can lead 532 

to differences in the Kapton contribution in an XRD pattern.  533 

 534 

 535 

Figure 5. Samples covered with Kapton film for model creation. (a) silicon zero-background sample 536 

holder; (b) corundum sample. Data from [31]. 537 

 538 

3.2.2. Free water 539 

The absence of structural order in the water makes its contribution in an XRD pattern diffuse. 540 

In contrast to cementitious powder samples, which are either anhydrous (for raw materials) or had the 541 

free water removed for hydration stoppage (for hydrated samples), fresh cement paste contains a 542 

significant portion of free water, especially within the first minutes/hours of hydration (e.g., 1/3 of the 543 

weight fraction of a fresh paste with w/c ratio of 0.5). Thus, to accurately fit in-situ XRD patterns, the 544 

contribution of the free water must be considered [22].  Scherb et al. [110] described a routine for a 545 
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free water model creation, besides proposing the quantification of the free water content in a sample 546 

using the Partial or No Known Crystal Structures (PONKCS) method. The accuracy and detection 547 

limit of this quantification are discussed in Section 4.2. According to [110], to systematically account 548 

for the free water contribution, an hkl phase can be created using a similar procedure adopted for the 549 

Kapton film. Figure 6 presents the XRD patterns of a pure corundum sample covered with Kapton (in 550 

black) and a corundum:water mix in 50:50 wt% (in blue) measured under identical conditions. The 551 

difference between the two XRD patterns can be attributed to the free water. It is emphasized that such 552 

model is primarily used to account for the background increase caused by the free water, while its 553 

quantification is not mandatory (e.g., by applying the PONKCS method), especially since the absolute 554 

weight fraction of the solid phases are commonly determined by the external standard method, making 555 

the determination of the free water content unnecessary. 556 

 557 

Figure 6. XRD patterns of pure corundum samples (black) and a corundum:water mix in 50:50 wt% 558 

(blue) for the creation of the free water model. Both samples were covered with Kapton film. Data 559 

from [31]. 560 

 561 

3.2.3. C-(A)-S-H 562 

The fact that the amorphous/nanocrystalline structure of C-(A)-S-H yields a diffuse scattering 563 

signal in XRD is well known in the literature, and different approaches were used to describe its 564 

contribution in powder, slice, and fresh samples. Snellings and co-authors [103,109] created a C-S-H 565 

model based on a set of four pseudo-Voigt (PV) peaks obtained from a seven-year-old hydrated white 566 
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cement paste. Bergold et al. [24] created a hkl phase using a Pawley range to fit a fully-hydrated C3S 567 

sample (containing only portlandite and C-S-H) with the crystal structure of 14 Å tobermorite (F2dd 568 

space group) from [112] as a starting point, obtaining the refined lattice parameters a = 11.81906 Å; 569 

b = 7.07097 Å; c = 58.92196 Å. This model can be seen in Figure 4. Similarly, Durdziński [113] used 570 

a one-year-old hydrated PC sample and the structure of 14 Å tobermorite to create a C-S-H model. 571 

Mejdi et al. [114] used the same 14 Å tobermorite structure and a six-month-old hydrated sample of 572 

silica fume and portlandite (1:3 ratio by weight) for the C-S-H model creation. However, Renaudin et 573 

al. [115] and Cuesta et al. [116] demonstrated that both the change in Ca/Si ratio and the presence of 574 

aluminum in C-(A)-S-H (for instance, by the incorporation of SCMs) change its structure and, 575 

therefore, its XRD signal. This suggests that a single C-S-H model may not be accurate to describe 576 

this phase generally. 577 

It is stressed that the use of the PONKCS technique usually follows the quantification of C-578 

S-H for in-situ samples. In hydrated PC (without SCMs) powder samples, it is reasonable to assume 579 

that the only amorphous phase present is C-S-H, so using either the internal or external standard 580 

methods directly provides the amorphous content in the sample, assumed as the C-S-H content. 581 

However, for fresh pastes and in-situ analyses, the presence of free water hinders this direct 582 

determination since it also yields an amorphous contribution (see Section 3.2.2). Thus, the previous 583 

calibration of the C-S-H model using a sample with known content is required. This allows the 584 

implementation of such model as a pseudo-phase in a Rietveld QPA routine, and this is the basis of 585 

the PONKCS method [117]. More details are given in Section 3.2.5. Alternatively, Valentini et al. 586 

[22] quantified the C-S-H formation in C3S pastes through mass balance, based on the stoichiometry 587 

of the C3S consumption measured by in-situ XRD. However, the authors alert that this approach may 588 

be suitable only for pure systems, while the presence of other phases in commercial PC prevents this 589 

approach.  590 

3.2.4. Aluminate hydrates 591 

Aluminate hydrates are of great interest especially concerning CSA, BYF, or CAC cement 592 

hydration. The challenge that arises from quantifying aluminate hydrate phases during in-situ XRD is 593 

that no structural models and, consequently, no entry in the ICSD database are available for some of 594 

the phases. While phases such as C3AH6, CAH10, hemicarbonate, monocarbonate, and AH3 can be 595 

quantified by Rietveld refinement based on the availability of accurate structural descriptions, phases 596 

like C2AHx (such as C2AH5, C2AH7.5, C2AH8, C2AH8.2) must be quantified mainly by adequate hkl 597 

phase models as for the C-S-H phase mentioned above. Goergens and co-authors quantified it by 598 

plotting the scale factor [77] and more recently by calibrating a phase model using the G-factor method 599 

[118]. 600 

The same issue also complicates the quantification of monosulfate phases with varying water 601 

content and C4AH19. Many of the phases which appear in cementitious systems do not have a full 602 

structural description, and hence it is not possible to give quantities by Rietveld refinement. 603 

Quantification could be done by a proper synthesis of such phases with a known amount, but it is still 604 
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challenging and needs more intense research [35,40]. An approximately accurate quantification of the 605 

different water-containing sulfate-AFm phases can be done based on the structure of monosulfate 606 

(kuzelite) [119] and the adjustment of the lattice parameter as a function of the water content in the 607 

interlayer [120,121], as seen in Figure 7 by plotting the c lattice parameter against the water content 608 

of sulfate-AFm phase (Figure 7a). Figure 7b shows the lattice parameter shift of monosulfate-12H 609 

towards monosulfate-14H and the respective fit by adjusting the lattice parameter in the monosulfate 610 

structure done in a cementitious system containing both monosulfate-12H and monosulfate-14H. 611 

Additional information on the hydration states of AFm phases can be found elsewhere [122]. We 612 

emphasize that although this approach has an interesting practical application, increasing the c lattice 613 

parameter would result in stretching all bonds in the crystal structure, which may not actually occur. 614 

 

(a) (b) 

Figure 7. Example of XRD analyses of AFm phases. (a) c lattice parameter vs. interlayer water 615 

content of sulfate-AFm (adapted from [121]); (b) lattice parameter shift of monosulfate-12H towards 616 

monosulfate-14H (unpublished data; courtesy of Irina Kirchberger).  617 

 618 

However, the quantification of the AFm phases using in-situ XRD and Rietveld analysis has 619 

always the limitation that AFm phases often occur in a weakly crystalline state. This can lead to 620 

underestimating the quantities because the non-crystalline parts of the phases will not be quantified 621 

(see also Sections 4.2 and 4.5). The same holds true for the quantification of AH3, which also often 622 

shows very low crystallinity. However, with an accurate description of the background as mentioned 623 

above (Kapton film, water), the detection and quantification of the phase can be done by applying in-624 

situ XRD [72]. 625 

3.2.5. Amorphous supplementary cementitious materials 626 

The use of amorphous SCMs in cement is increasingly common due to their environmental 627 

and technical advantages. The PONKCS method is often required to quantify these amorphous SCMs 628 

in a sample. In summary, this method creates a phase model to describe an amorphous contribution 629 

and then calibrates this model using a sample containing a known amount of such phase. This phase 630 

model can be composed of one or more peaks if no crystal structure information is available (“not 631 
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know”), or a pseudo-structure if some information is available (“partially know”), for instance, the 632 

space group and lattice parameters. After the model creation and calibration, it can be implemented in 633 

a Rietveld QPA routine. 634 

Regarding the “not know” approach, Snellings et al. [103] used a single asymmetric split 635 

pseudo-Voigt (SPV) peak to model the amorphous fraction of metakaolin and a set of PV peaks to 636 

model the amorphous slag fraction. Similarly, Avet and Scrivener [123] used an SPV peak to fit the 637 

metakaolin fraction of calcined clays in addition to a second peak to fit the impurities of low-grade 638 

calcined clays (Figure 8a). Li et al. [109] also used an SPV peak to model the asymmetric profile of 639 

siliceous fly ash. Mejdi et al. [114] used a set of PV peaks to model the amorphous structure of glass 640 

powder. As for  the “partially know” approach, Durdziński et al. [113] modeled the amorphous 641 

fractions of fly ash and slag using the crystal structure of anorthite (P1̅ space group) and gehlenite 642 

(P4̅2m space group), respectively. Adu-Amankwah et al. [124] used the Pawley fit and the 643 

fundamental parameters approach [125] to model the amorphous fraction of slag but did not mention 644 

the space group adopted. Naber et al. [126] used the tetragonal structure of the P4 space group to 645 

model the amorphous fraction of both silica fume (Figure 8b) and metakaolin. Stetsko et al. [102] used 646 

the space groups Fm3̅m and Fd3̅m to model the amorphous hump of slag and class F sly ash, 647 

respectively. The authors alerted that although the choice of the space group could be arbitrary, 648 

preference should be given to space groups that give only one peak within the region of the amorphous 649 

hump whenever possible.  650 

In summary, both the “not know” and the “partially know” approaches for the PONKCS 651 

method usually yield good results, so the choice is up to the user. However, care must be taken for 652 

blended cements containing more than one amorphous SCM: de Matos et al. [127] found that XRD-653 

PONKCS did not accurately distinguish the simultaneous presence of fly ash and calcined clay 654 

because their amorphous humps are closely placed along the 2θ axis. 655 

 656 

  

(a) (b) 
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Figure 8. PONKCS models used for amorphous SCMs quantification. (a)"no know" approach for 657 

metakaolin  [123]; (b)"partial know" for silica fume [126]. Reproduced with permission from 658 

Elsevier. 659 

 660 

In future research, SCMs are getting more and more important. Besides the classical SCMs 661 

like fly ash, slag, natural pozzolans and clays, recycled cement stone will be added to the list [128]. 662 

This SCM, in turn, also shows a significant amount of amorphous, reactive silica-alumina-gel. The gel 663 

mentioned can be determined and quantified using the PONKCS method discussed above if the user 664 

consequently follows the guidelines of background description as given in this review. Figure 9 shows 665 

the specific description of the background and the description of a PONKCS phase in a mixture of 666 

alite and carbonated alite (containing calcite and amorphous silica gel). 667 

 668 

Figure 9. Fitted XRD pattern of alite + carbonated alite sample (unpublished data). 669 

 670 

3.3. Qualitative and quantitative phase analysis 671 

In-situ XRD measurement yields a set of patterns that can be analyzed from various 672 

viewpoints. The most straightforward strategy is a qualitative analysis, where the consumption or 673 

formation of phases is correlated with the increase or reduction of their peak intensities over time. For 674 

example, Figure 10 shows a set of XRD patterns obtained by in-situ analysis of a calcium 675 

sulfoaluminate paste reported by Galan et al. [76]. The hydration kinetics can be followed by the 676 

reductions in ye’elimite peaks and increases in ettringite and portlandite peaks over time.   677 
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 678 

Figure 10. Example of qualitative in-situ XRD analysis of CSA paste (20 °C; w/s = 0.2). Ett: 679 

ettringite; Yel: ye’elimite; CH: portlandite. Reproduced from [76] with permission from Elsevier. 680 

 681 

As a semi-quantitative strategy, intensity counting approaches can be performed. Padilla-682 

Encinas et al. [129] used in-situ XRD with intensity counting analysis based on the peak with the 683 

highest intensity for each phase to evaluate the early hydration of calcium sulfoaluminate clinker. 684 

Quennoz and Scrivener [29,40] evaluated the area of a single representative peak for each phase over 685 

time for C3A-gypsum pastes. Steger et al. [130] used intensity counts over time to evaluate the 686 

formation of aluminate phases in cements containing 70 wt% clinker replacement with slag. However, 687 

these approaches rely on the intensity/area of a single peak for each phase, while preferred orientation 688 

can occur especially for flat or elongated crystals (e.g., portlandite and gypsum), leading to inaccurate 689 

results and interpretations (see Section 4.4). Furthermore, many factors can affect the background 690 

contribution, and some of these contributions vary over time (e.g., free water, C-(A)-S-H, and 691 

amorphous SCMs). By considering absolute intensity values, these background contributions are 692 

disregarded. Therefore, care must be taken when conclusions are based on intensity counting analyses. 693 

Alternatively, Kirchheim et al. [30] used the reference intensity ratio (RIR) [131,132] to evaluate the 694 

content of each crystalline phase over time in C3A-gypsum pastes. This method compares the intensity 695 

of one or more peaks of a determined phase with the intensity of a standard material to obtain an 696 

approximate phase content and was previously used for powder XRD in cementitious samples [133]. 697 

The determination of the weight fraction of each phase (i.e., QPA) is in most cases desired, 698 

but the presence of poorly crystalline phases may prevent it, as discussed later in Section 4.5. 699 

Nonetheless, the scale factor of these phases can be used to indirectly evaluate their content over time. 700 

While the intensity counting approach relies on a single peak of the XRD pattern, the scale factor of a 701 

phase accounts for its contribution in the whole pattern, therefore minimizing preferred orientation 702 

issues.  703 

For quantitative analysis, the Rietveld method is the most popular approach. This method 704 

assumes that all the phases in the sample are known, and all the phases are crystalline, yielding a 705 

relative weight fraction of each phase normalized to 100%. However, the presence of different 706 
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amorphous contributions in hydrating cementitious samples, in addition to the fact that the total 707 

fraction of the crystalline phases varies in time, makes the direct use of the Rietveld method inaccurate 708 

[22]. Thus, it is crucial to determine each phase's actual content (i.e., their absolute weight fraction). 709 

The use of the internal standard method requires the incorporation of a standard material in the sample. 710 

This approach was used by Sun and Vollpracht [78] for in-situ XRD investigations of NaOH-activated 711 

fly ash, metakaolin, and slag samples. However, adding such standard material in the system can affect 712 

the hydration kinetics due to its physical effect (the so-called filler effect) [134]. Thus, the most 713 

suitable strategy is the use of the external standard method. This approach was first proposed by 714 

O’Connor and Raven [135] and was remastered by Jansen et al. [44,136], which refers to as “G-factor 715 

approach”. It consists of measuring a standard sample (with high purity and crystallinity degree) using 716 

the same testing conditions adopted for the “target” sample to calibrate the G-factor given by Eq. 1. 717 

The absolute weight fraction of each phase in the target sample is then calculated using Eq. 2. The 718 

mass absorption coefficient (MAC) values of the samples are calculated from their chemical 719 

compositions. In the case of in-situ analyses where the fresh paste is covered with Kapton, the external 720 

standard material must also be covered with the Kapton film to avoid differences in X-rays absorption 721 

between the sample analyzed and the standard material [44].  722 

𝐺 = 𝑆𝑠  
𝜌𝑠𝑉𝑠

2𝜇𝑠

𝑊𝑠
 (1) 

𝑊𝑖 = 𝑆𝑖  
𝜌𝑖𝑉𝑖

2

𝐺
𝜇∗ (2) 

where W is the weight fraction of the phase (i) or the standard (s), in wt%; S is the refined scale factor 723 

of the phase (i) or the standard (s); ρ is the density of the phase (i) or the standard (s), V is the unit cell 724 

volume of the phase (i) or the standard (s) in Å³; and µ is the MAC of the sample (*) or the standard 725 

(s), in cm²/g. 726 

3.4. Refinement strategies 727 

In-situ XRD analysis deals with dozens of patterns for each sample, and each of these may 728 

contain several phases. Therefore, an adequate data analysis (or refinement) routine is essential to 729 

improve the consistency of this time-resolved studies, besides avoiding drifting and unrealistic results. 730 

At first, any software capable of conducting Rietveld analysis can be used for QPA of in-situ samples. 731 

For instance, Zunino and Scrivener [41], Scherb et al. [107], and Ma et al. [73] used the HighScore 732 

Plus (PANalytical) software to conduct the QPA of in-situ laboratory XRD samples. Álvarez-Pinazo 733 

et al. [17] used GSAS to conduct the QPA of in-situ synchrotron XRD of sulfobelitic cements. Maier 734 

et al. [106] used Profex-BGMN to evaluate laboratory in-situ XRD data for LC3 systems. However, 735 

most software only refine individual XRD patterns, making the QPA very time-consuming. Besides, 736 

the same refinement routine must be applied to all the patterns for the reasons mentioned above. Thus, 737 

software that allow the refinement of multiple XRD patterns simultaneously – for instance, TOPAS 738 
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(Bruker) [137] – can increase the speed and consistency of the analysis and may be preferred 739 

[15,35,65,72,77,138,37,39,44,45,49,50,54,60]. 740 

Regarding the parameters refined in the Rietveld analysis, the “sample displacement” or 741 

“sample shift” parameter is the first to be mentioned. Figure 11 shows a set of in-situ XRD patterns 742 

obtained for a C3S-C3A-gypsum hydrating paste from [37]; the scans were recorded every 30 minutes 743 

up to 48 hours, totaling 96 patterns. One can note a constant background contribution from the Kapton 744 

film, in addition to two general shifts over time: the patterns shifted along the 2θ axis due to the sample 745 

displacement (discussed next) and downwards due to the reduction of free water (by the formation of 746 

hydrated phases). Regarding the sample displacement, Figure 12 shows the relative scale factor of the 747 

crystalline phases of a cubic C3A-gypsum paste up to 48 hours of hydration, in addition to a picture of 748 

the sample after 48 hours from [37]. One can note that the sample displacement grows until the end of 749 

the ettringite formation, which caused the expansion of the sample and evidence that the refinement 750 

of the “sample displacement” parameter is essential. It is important to mention that refining the “zero 751 

error” parameter, which accounts for a misalignment of the goniometer, leads to a similar practical 752 

result than refining the sample displacement parameter, i.e., corrects the 2θ pattern shift. However, the 753 

sample displacement and the zero error should not be refined together, so it is crucial to have a 754 

calibrated equipment. 755 

 756 

Figure 11. Example of a set of in-situ XRD patterns for a C3S-C3A-gypsum paste during the first 48 757 

hours of hydration (w/s = 0.50; 23 °C). Data from [37]. 758 

 759 
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 760 

Figure 12. In-situ XRD of hydrating C3A-gypsum paste (w/s = 1.0; 23 °C): relative scale factor of 761 

the phases and sample displacement over time, in addition to a picture of the sample after 48 hours. 762 

Adapted from [31] with permission from Elsevier. 763 

 764 

The background fit is another global parameter to be refined in the Rietveld analysis of in-765 

situ samples. The importance of using a proper background fit was discussed in Section 3.1. A good 766 

strategy is to account for the experimental background in one of the phase models present in all the 767 

samples; the Kapton model is a good candidate for this. Nevertheless, the experimental background 768 

cannot be fully described this way since it also depends on sample chemistry, so a background fit is 769 

still required – see Section 3.1. In addition, the scale factor of the Kapton model can be refined in an 770 

external standard sample covered with the film and measured just before the experiments and then be 771 

fixed for the hydrating samples. Since the instrumental background and the Kapton contribution 772 

should remain constant during the experiment, this reduces the chances of unrealistic background 773 

variations during the refinement [24] besides reducing the number of variables refined in hydrating 774 

samples. Moreover, graphically checking the Kapton signal in XRD – even during the experiment – 775 

may provide a general idea of data collection quality. If the Kapton signal is far above or below the 776 

expected (e.g., in comparison with the standard sample), there was probably some experimental error. 777 
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Regarding the (micro)structural parameters of the phases, the lattice parameters of the 778 

anhydrous phases should be refined in dry samples and fixed for hydrated samples as we assume that 779 

no significant crystal expansion/shrinkage occurs during the first hours/days of hydration [22,108]. 780 

Microstrain can also be refined in dry samples and fixed for hydrated samples since it does not 781 

significantly change over time [39]. Atomic displacement or thermal parameter (Biso) should only be 782 

refined in dry samples with high-quality data collection; otherwise, the values from the original 783 

crystallographic information files (CIF) should be kept [139]. In turn, the crystal growth kinetics may 784 

require the refinement of the lattice parameters over time for hydrated phases. For instance, Snellings 785 

et al. [15] and Merlini et al. [20] respectively observed the variation of the lattice parameters of 786 

portlandite and ettringite within the first 6-8 hours of hydration through in-situ synchrotron XRD. Peak 787 

shape modeling over time – for instance, by refining the crystallite size through the fundamental 788 

parameters approach [125] – can be necessary, especially for hydrated phases [15,24,39]. Finally, 789 

accurately distinguishing the C3S and C2S polymorphs and determining their proportions may not be 790 

easy, even in anhydrous cement, due to the high degree of overlap between their XRD patterns. In this 791 

sense, the correlation matrix allows for checking to what extent two parameters are related, enabling 792 

to avoid separately adjusting highly correlated parameters [13,140]. 793 

It is important to remember that most software used for Rietveld refinement are least-squares 794 

systems [137] that will seek the best curve fit within the constraints imposed on it. In other words, the 795 

software will yield the combination that gives the lowest “weighted profile R-factor” (Rwp) and 796 

“goodness of fit” (GOF) values possible even if the results have no physical meaning, e.g., by 797 

excessively reducing the crystallite size of a phase or considering phases that are not likely to be in 798 

the sample. To avoid unrealistic peaks shifting and/or broadening, one can constrain the lattice 799 

parameters variation (to ±1% from the original CIF values) and the crystallite size value (usually 800 

within 50-1000 nm) during refinement. Therefore, it is essential to visually check the Rietveld fit by 801 

graphically comparing the observed (measured) and calculated (proposed) patterns and ensuring that 802 

the proposed model is chemically plausible [141]. In view of that, independent techniques to support 803 

the in-situ XRD results are recommended, as discussed later in Section 5.  804 

In summary, some recommendations related to the refinement strategy of in-situ XRD data 805 

are drawn:  806 

• The least number of variables possible should be refined to obtain a good (and physically 807 

coherent) adjustment. This avoids unrealistic results and the chance of drifting; 808 

• The sample displacement parameter must be refined due to sample expansion/shrinkage during 809 

hydration; 810 

• A background fit with the lowest terms possible should be used (see Section 3.1). Manual 811 

background fitting should be avoided. Including the instrumental background in the Kapton 812 

model, besides refining its scale factor in an external standard sample and fixing it for hydrating 813 

samples is a good strategy to avoid unrealistic background fit; 814 
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• The lattice parameters of the anhydrous phases should be refined in dry samples and then fixed. 815 

Hydrated phases may require the refinement of (micro)structural parameters over time. Lattice 816 

parameters and crystallite size variations may be constrained to avoid unrealistic values; 817 

• It is crucial to visually check the curve fit and graphically compare the observed vs. calculated 818 

patterns, ensuring that the latter is chemically plausible. 819 

4. Advantages and limitations 820 

4.1. Phase preservation 821 

Although the sample preparation for ex-situ XRD analysis is not in the scope of this paper, a 822 

brief introduction to the topic is required; for further information, the reader may refer to [142]. XRD 823 

analyses of hardened cementitious pastes are often conducted in powder or slice samples which usually 824 

require hydration stoppage and sample preparation procedures that affect the microstructure of some 825 

phases [108]. For hydration stoppage, different techniques are available such as direct drying (e.g., 826 

vacuum or freeze-drying) and solvent exchange (e.g., using acetone, diethyl ether, or isopropanol). 827 

Since direct drying is more aggressive to paste’s microstructure [143], the use of solvent exchange 828 

methods (especially isopropanol) is currently recommended in most cases [144]. However, even for 829 

the most gentle hydration stoppage procedures, phases containing high water content (e.g., ettringite 830 

and AFm) can partially decompose [108]. As for sample preparation, the slice cutting step can 831 

deteriorate the structure of fragile phases besides leaching them if conducted with water as cooling 832 

agent [14,145]. Thus, a low-speed cutting procedure with isopropanol as cooling agent may be 833 

preferred [126]. For powder samples, the grinding procedure can dehydrate some phases if conducted 834 

by high-energy grinding [142]. Therefore, more gentle grinding procedures are preferred, such as 835 

hand-grinding the sample in an agate mortar [98,138] or using a specific mill for XRD sample 836 

preparation (e.g., McCrone micronizing mill) with a cooling agent [146]. Schreiner et al. [50] 837 

compared these two grinding procedures, observing that McCrone mill yielded more reproducible 838 

results than hand grinding. Nonetheless, ground samples tend to face ettringite and AFm deterioration 839 

[108]. In summary, hydration stoppage and sample preparation procedures will hardly prevent the 840 

deterioration of fragile phases. 841 

In this context, in-situ XRD avoids hydration stoppage and additional sample preparation 842 

procedures, preventing phase damage. Figure 13 shows an example of the same PC paste at 24 hours 843 

of hydration, measured both at powder and fresh paste forms. For the powder sample, hydration was 844 

stopped by solvent exchange following [144] and ground in agate mortar until passing through a 45 845 

µm-opening mash. The samples were measured under the same testing conditions, except for the total 846 

counting time of 10 minutes for the fresh sample and 30 minutes for the powder sample. Despite the 847 

lower data acquisition time for the fresh sample, which resulted in lower C3S and portlandite peak 848 

intensities, the higher intensity of 9.1 and 16.5° 2θ (CuKα) ettringite peaks is evident. The same trend 849 

was observed by Ma et al. [73] and Redondo-Soto et al. [57] (see Figure 21) when comparing in-situ 850 

and ex-situ (powder) XRD. Balonis et al. [85] used wet samples covered with Mylar foil to evaluate 851 
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chloride- and hydroxy-AFm’s and preserve their water contents for punctual (i.e., not time-resolved) 852 

data collection. Alternatively, Naber et al. [126] used time-resolved XRD to follow the reaction of 853 

silica fume and metakaolin in PC pastes up to 112 days. The authors used hardened slice samples 854 

covered with Kapton film to prevent sample carbonation and account for the experimental contribution 855 

in the pattern fit. 856 

 857 

Figure 13. PC paste at 24 hours of hydration (w/c = 0.4; 23 °C) measured at the powder form (ex-858 

situ) and fresh paste (in-situ). Ett: ettringite; A: alite (C3S); P: portlandite. Adapted from [145] with 859 

permission from Elsevier. 860 

4.2. Precision and detection limit 861 

Precision can be assessed by determining the closeness of agreement among test results 862 

obtained under prescribed conditions [147], while accuracy refers to how close a result is to the “true 863 

value”. For PC composition measurements, accuracy cannot be determined since its “true value” is 864 

not exactly known and can only be well-estimated and supported by complementary techniques. For 865 

instance, García-Maté et al. [97] used a state-of-the-art powder laboratory and synchrotron XRD set 866 

to confirm that the standard Portland clinker SRM 2686a certified by NIST [148] had an overestimated 867 

C2S content. 868 

In Portland and calcium (sulfo)aluminate cementitious samples, the major crystalline phases 869 

are usually C3S, C2S, and ye’elimite from anhydrous cement, besides ettringite and portlandite for 870 

hydrated pastes. These phases are often present in anhydrous commercial cements in contents of 871 

around 15-70 wt%, besides up to ~100 wt% in synthetic systems. Due to the high content of these 872 

phases, in addition to the existence of well-defined crystal structures, the quantification of their content 873 

usually does not bring significant problems and yields good results for in-situ analyses. However, it is 874 

worth emphasizing that C2S correct modeling and quantification may be tricky due to its high peak 875 

overlap with C3S, as mentioned in Section 3.4 and reported by Ref. [97]. For instance, Figure 14 shows 876 

the absolute C3S content over time in four independent PC samples obtained by in-situ XRD reported 877 

by Jansen et al. [44]; variations of up to ±2 wt% were observed. Similarly, Goergens [77] reported 878 
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standard deviation values of 2-3 wt% for monocarbonate and CAH10 (both with >15-20 wt%) for three 879 

independent in-situ XRD measurements of calcium aluminate cement hydrating pastes. These are 880 

consistent with inter-lab deviation values reported in the literature for powder XRD of cementitious 881 

materials [13,95,149–151]. 882 

 883 

Figure 14. C3S content during hydration of PC for four in-situ XRD independent measurements (23 884 

°C; w/s = 0.5). Reproduced from [44] with permission from Elsevier. 885 

 886 

Minor phases are also found in anhydrous and hydrated PC samples, which can derive from 887 

the clinker (e.g., C3A, C4AF, and alkali sulfates), calcium sulfate (gypsum, bassanite, anhydrite, etc.), 888 

impurities/undesired phases (e.g., periclase and free lime), or from the hydration reactions (e.g., 889 

AFm’s). In addition to their low content (often below 5 wt% of dry cement), some of these phases 890 

quickly dissolve in contact with water (as in the case C3A, gypsum, and alkali sulfates) [44] or are 891 

hydrated (e.g., bassanite) [31,65], so the content observed at the first measurement is usually very low. 892 

Besides, some of these phases can face preferred orientation issues (see Section 4.4) and/or present 893 

poor crystallinity (see Section 4.5), which make their quantification even harder. In this case, the use 894 

of complementary techniques to support the in-situ XRD data is advised, as discussed in Section 5. 895 

Figure 15 presents the phase content over time of some minor phases in PC pastes determined by in-896 

situ XRD. Figure 15a from Jansen et al. [44] shows a reduction of about 2 wt% in the absolute C3A 897 

content (relative reduction of 28%) at the first measurement compared to the content expected from 898 

the dry cement. In addition, the authors reported the absence of bassanite and arcanite at the first in-899 

situ measurement, even though these phases were detected in the anhydrous cement (1.5 wt% and 0.9 900 

wt%, respectively). Pott et al. [65] and Andrade Neto et al. [31] also reported the absence of bassanite 901 

in the first in-situ XRD measurement (at 10-30 minutes of hydration) despite the presence of this phase 902 

in the anhydrous samples. Figure 15b shows the anhydrite content over time of PC pastes with quartz 903 

and fly ash additions reported by Dittrich et al. [53]. The authors’ determination limit and standard 904 

deviation values were 0.3 wt% and 0.5 wt%, respectively. Despite this relatively low deviation, it is 905 

difficult to identify a significant difference between samples over time. Finally, there are no reports 906 

on round robin tests to assess the reproducibility (i.e., between-laboratory variability) of in-situ 907 
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laboratory XRD measurements in hydrating cement samples, in contrast to powder XRD of anhydrous 908 

and hydrated cement samples [150–152]. 909 

 

(a) (b) 

Figure 15. Phase content of minor phases determined by in-situ XRD. (a) C3A, anhydrite and 910 

gypsum in PC paste (23 °C and w/s = 0.5) [44]; (b) anhydrite in PC containing quartz [Qz] and fly 911 

ash [FA] (23°C and w/s = 0.5) [53]. Note: the hatched area in (b) represents the determination limit. 912 

Reproduced with permission from Elsevier. 913 

 914 

Another “phase” present in fresh cementitious samples is free water. Scherb et al. [110] 915 

proposed quantifying the free water content in different powder-water mixes through XRD-PONKCS 916 

analysis. Figure 16 shows the correlation between the water content measured and the actual w/s ratio 917 

of the samples, besides their theoretical water contents. The authors observed that: (i) for a stiffened 918 

condition (i.e., low water content), the scattering contribution of the free water on XRD pattern was 919 

constant and hardly detected; (ii) when the water content was increased beyond the point that the 920 

sample reached a paste consistency, there was a correlation between the increase of the scattering 921 

contribution of free water in XRD and the water content added; and (iii) when an excessive content of 922 

water was added, particle sedimentation occurred and the water segregates on the sample surface, so 923 

the contribution of the free water significantly increased. In addition, segregation would lead to a 924 

locally higher w/s ratio (i.e., higher water availability), affecting the hydration and thus leading to 925 

biased results. In this scenario, segregation may be avoided by using transmission mode with flat 926 

samples or thin capillaries with continuous spinning [84]. Besides, Figure 16 shows that the accuracy 927 

of this quantification depends on the solid particles in the system: while fly ash and limestone yielded 928 

good prediction results, metakaolin and metamuscovite led to significant errors for w/s ratios above 929 

0.4. Thus, the accuracy of this analysis depends not only on the water-to-solid ratio but also on the 930 

type of solid particles. Andrade Neto et al. [31] reported an excessive water contribution in XRD 931 

patterns of cubic C3A-gypsum paste with a w/s ratio of 1.0 within the first 8 hours of hydration, which 932 

prevented proper phase analysis in this period, while this issue was not observed for orthorhombic 933 

C3A paste (more reactive) with gypsum, or either C3A with bassanite. 934 
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 935 

Figure 16. Quantification of the free water content by XRD-PONKCS. Reproduced from [110] with 936 

permission of the International Union of Crystallography. 937 

 938 

An alternative to estimating the free water content in fresh samples is by determining the 939 

water consumed by the formation of the hydrated phase through stoichiometric calculations. Figure 940 

17 exemplifies it, where Jansen et al. [46] determined the water consumed by the ettringite, portlandite, 941 

and C-S-H formation in white Portland cement paste from their contents measured by in-situ XRD, 942 

observing a good agreement with the free water content determined by 1H NMR. However, this 943 

approach has some limitations. First, all the hydrated phases formed must be known and have a well-944 

defined stoichiometry. This may occur in synthetic systems such as pure C3S pastes, where the 945 

stoichiometry of portlandite and C-S-H is known [16,153]. For PC pastes (without SCMs), it seems 946 

reasonable to assume that only C3S significantly contributes to C-S-H formation within the first one 947 

or two days of hydration [53,154]. However, accurately quantifying poorly crystalline hydrated phases 948 

such as AFm (see Section 4.5) may be difficult, possibly leading to errors in estimating the water 949 

consumed by these phases. When it comes to calcium (sulfo)aluminate systems, the formation of 950 

different amorphous/nanocrystalline hydrated phases may require the support of 1H NMR for free 951 

water quantification [72,138].  952 

 953 
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 954 

Figure 17. Comparison between free water from XRD and 1H NMR during white Portland cement 955 

hydration (23 °C; w/s = 0.5). Reproduced from [46] with permission from Elsevier. 956 

 957 

4.3. Water evaporation 958 

Since the external standard method used for QPA is based on the sample MAC, which depends 959 

on the chemical composition of the sample (see Section 3.3), water evaporation changes the MAC of 960 

the sample over time and leads to erroneous QPA results. This fact is disregarded in most reports in 961 

the literature. However, Hüller et al. [155] and  Goergens et al. [77] recently demonstrated that a 962 

significant water loss might occur during in-situ XRD tests (illustrated in Figure 18), which is more 963 

marked as the temperature increases.  For instance, at 23 °C (the testing temperature usually adopted), 964 

a mixing water loss of 10 wt% (around 3 wt% of the sample) was observed after 32 hours. Considering 965 

that the MAC of PC usually ranges within 94-100 cm²/g for CuKα [103,114,126], a fresh PC paste 966 

with a w/c ratio of 0.5 would have a MAC of about 68 cm²/g. A 10% reduction in its water content 967 

would lead to a MAC of 70 cm²/g, resulting in a systematic relative error of 3% in QPA results. In 968 

general, this would fall within the error of the QPA for in-situ XRD, of around 2 wt% for major phases 969 

and 1 wt% for minor phases (see Section 4.2). However, this issue becomes important when 970 

considering the water loss at 40 °C (about 33 wt% of the mixing water or 10 wt% of the sample), 971 

which would lead to a systematic relative error of 11% in QPA results. Thus, some solutions can be 972 

adopted to improve the accuracy of QPA in situations where the sample faces significant water loss: 973 

(i) use an XRD system with controlled humidity [10,156]; or (ii) use a sample holder that reduces 974 

water loss, e.g.,  glass capillaries sealed with wax. 975 
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 976 

  

(a) (b) 

Figure 18. Water loss over time for in-situ XRD measurements at different temperatures. (a) from 977 

[155], reproduced with permission from Wiley; (b) from [77], reproduced with permission from 978 

Elsevier.   979 

 980 

4.4. Preferred orientation 981 

Preferred orientation is an undesired alignment of crystals that impairs the random distribution 982 

required for proper XRD data collection. Sample spinning during data collection is mandatory to 983 

obtain accurate XRD data and minimize preferred orientation or the texture effects [157]. This issue 984 

can be faced in powder XRD due to sample preparation, especially for front pressed sample loading 985 

[13,145]. The use of fresh paste for in-situ XRD measurements avoids the particle orientation faced in 986 

powder XRD preparation. However, the use of a foil to cover the fresh sample can induce the preferred 987 

orientation on the paste/film interface, especially for elongated (e.g., gypsum) and flat (e.g., 988 

portlandite) crystals. Preferred orientation can be (partially) corrected in the refinement, for instance, 989 

by using the March-Dollase (M-D) [158] or spherical-harmonic (SH) functions [159]. In this regard, 990 

De la Torre et al. [160] demonstrated that SH correction (with order-8) led to more accurate QPA 991 

results than M-D correction in powder gypsum:corundum samples with 50:50 wt%. In turn, high order 992 

SH correction was required for lower gypsum contents but no further resolved peaks to optimize the 993 

parameters, so M-D correction was indicated.  994 

In the case of fresh cement paste covered with Kapton, using the M-D function to correct the 995 

preferred orientation of gypsum may be tricky. The main reflections of this phase match with the range 996 

of the Kapton film signal (~10-30° 2θ for CuKα radiation), as illustrated in Figure 19a. In addition, 997 

gypsum is usually present in low contents in PC pastes: around 5 wt% of the solid fraction and 3 wt% 998 

of fresh paste. In these pastes, the only gypsum reflection that is not significantly overlapped by other 999 

anhydrous or hydrated phases is at around 11.6° 2θ (for CuKα radiation), as demonstrated in Figure 1000 

19b. This corresponds to the reflection from the (0 2 0) plane, which faces the highest preferred 1001 

orientation issue. Thus, relying on this single peak as the input for M-D correction may be risky, but 1002 

perhaps this is the best strategy since SH correction for a phase present in such low content is not 1003 

recommended. 1004 
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 1005 

 

 

Figure 19. Gypsum identification in in-situ XRD experiments. (a) gypsum signal modeled in a pure 1006 

powder sample, and Kapton modeled signal; (b) C3S-C3A-gypsum paste at 0.5 hours of hydration 1007 

(23 °C; w/s = 0.5). Data from [37]. 1008 

 1009 

4.5. Amorphous or non-crystalline phases  1010 

The presence of amorphous or non-crystalline (ACn) phases can turn the XRD pattern fitting 1011 

difficult due to the lack of a well-defined crystal structure. These phases can come from the cement 1012 

hydration reactions or the anhydrous material; some authors recently reported ACn contents of up to 1013 

15-20 wt% in anhydrous non-blended Portland and CSA cements [73,149,154]. It is stressed that, for 1014 

in-situ XRD, QPA is usually conducted using the external standard method, which yields the absolute 1015 

weight fraction of each phase. So, the presence of ACn phases does not impair the quantification of 1016 

the crystalline phases as long as the ACn’s are properly fitted in the XRD pattern.  1017 

Besides calcium silicate and calcium aluminate hydrates (already discussed in Section 3.2), 1018 

perhaps the most common poorly crystalline phases found in hydrated pastes are AFm’s. According 1019 

to Ectors [161], the layered nature of AFm-type structures often results in stacking disorder and 1020 
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anisotropic peak broadening in XRD, making their crystal structure determination difficult and 1021 

preventing its accurate quantification. Jansen et al. [46] observed lower hemicarbonate formation than 1022 

expected from the C3A dissolution in in-situ measurements of PC pastes, attributing it to the low 1023 

crystallinity of the AFm phase. Cuesta et al. [98] also reported the difficulty of fitting the range of the 1024 

main AFm peaks (around 8-12° 2θ for CuKα radiation) in synthetic ye’elimite samples, observing the 1025 

presence of unknown AFm phases (most likely C4A𝑆̅H12). Ectors et al. [35] observed the presence of 1026 

AFm phases with partially known crystal structures (e.g., sulfate-AFm-16 and hydroxy-AFm-19) in 1027 

in-situ XRD measurements of synthetic brownmillerite-calcium sulfate-calcite systems, preventing 1028 

the accurate determination of the weight fraction of these phases. In high-alkalinity media, U-phase 1029 

can be formed, which corresponds to a Na-substituted AFm phase [162,163]. Andrade Neto et al. [31] 1030 

observed the formation of U-phase in C3A-gypsum pastes when sodium was incorporated in either the 1031 

mixing water (with NaOH addition) or the C3A crystal structure (Na-doped orthorhombic C3A).  1032 

Therefore, the quantitative analysis of non/poorly crystalline phases over time is often 1033 

conducted through semi-quantitative approaches such as evaluating their relative scale factor, as 1034 

discussed in Section 3.3 and seen in Figure 12. This reinforces the need for additional techniques to 1035 

support the in-situ XRD results discussed next.  1036 

5. Technique association 1037 

Despite the good accuracy of in-situ XRD (detailed in Section 4.2), using additional 1038 

techniques to support the data is highly recommended. The most common technique used for this 1039 

purpose is the isothermal calorimetry due to its good reproducibility (assuming that the equipment is 1040 

calibrated and the experimental procedures and analyses were adequately conducted), besides 1041 

providing a continuous measurement without sample disturbance like in-situ XRD. Figure 20 shows 1042 

an example of an in-situ XRD vs. calorimetry plot from Dittrich et al. [53]. A good agreement between 1043 

the end of the induction period and the beginning of alite (C3S) dissolution (marked as A) is observed. 1044 

Similarly, the sulfate depletion point in calorimetry (marked as B) matched the anhydrite exhaustion 1045 

and the renewed C3A dissolution with quick ettringite formation. Furthermore, Jansen et al. [45] and 1046 

Hesse et al. [38] compared the heat release expected from phase dissolution and precipitation 1047 

calculated from in-situ XRD with that measured by calorimetry. The authors observed that the 1048 

dissolutions of C3S and C3A, and the precipitation of C-S-H, portlandite, and ettringite were the main 1049 

responsible for the heat released within the first 22 hours, while anhydrite and gypsum dissolutions 1050 

had a marginal contribution to the heat release. Klaus et al. [164] used the same approach in order to 1051 

prove the reactivity of CA2 in a CAC system.  1052 

 1053 
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 1054 

Figure 20. Example of technique association for PC paste: in-situ XRD and isothermal calorimetry 1055 

(23 °C; w/s = 0.5). Reproduced from [53] with permission from Elsevier. 1056 

 1057 

Powder XRD can also be used to support in-situ XRD results. Ma et al. [73] coupled in-situ 1058 

XRD (up to 20 hours) and powder XRD (up to 28 days) to evaluate the effect of incorporating 1059 

ye'elimite in C3S clinker. Sun and Vollpracht [78] used powder XRD to confirm their in-situ XRD 1060 

data when evaluating NaOH-activated fly ash, metakaolin, and slag mixes. Redondo-Soto et al. [57]  1061 

compared in-situ and powder XRD with strictly monochromatic MoKα1 radiation (besides TGA, 1062 

discussed next) from samples with 67 wt% PC, 30 wt% metakaolin, and 3 wt% gypsum; the results 1063 

are shown in Figure 21. One can see that in-situ XRD yielded similar results to well-established 1064 

powder XRD, confirming the accuracy of the former. However, attention must be given to sampling 1065 

disturbance due to sample preparation, as discussed in Section 4.1. 1066 
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 1067 

Figure 21. QPA results of in-situ and ex-situ MoKα1 XRD, and TGA for a PC-MK-gypsum paste 1068 

(w/s = 0.5). Error bars correspond to the estimated error. Data from [57]. 1069 

 1070 

Another valuable tool to support in-situ XRD is TGA. Jansen et al. [46] used TGA to confirm 1071 

the formation of hemicarbonate after 13 hours of hydration in PC paste containing 2.8 wt% calcite. 1072 

The authors observed divergences in the in-situ XRD QPA values for ettringite (consumed) and 1073 

hemicarbonate (formed), associating it to the low crystallinity (and difficult quantification) of the 1074 

AFm. Similarly, Andrade Neto et al. [31] observed the presence of Al(OH)3 in C3A-gypsum/bassanite 1075 

pastes by TGA, which was not detected by in-situ XRD due to its low crystallinity as reported by 1076 

[165]. Redondo-Soto et al. [57] compared results from TGA with in-situ and powder MoKα1 XRD for 1077 

the samples mentioned above. TGA was used to determine the amounts of portlandite and calcite 1078 

following Ref. [166], shown in Figure 21. The results from TGA validated the in-situ analysis, 1079 

although the relative errors in Rietveld QPA may be as high as 100% for minor phases (see Section 1080 

4.2). 1081 

In-situ XRD gives a reasonable description of the well crystalline phases dissolved and 1082 

precipitated during cement hydration. However, the existence of amorphous phases complicates the 1083 

interpretation of the results. In this case, other methods have to be used in order to get a complete 1084 

picture of the reactions running. Several methods are thinkable to be combined with in-situ XRD. First 1085 
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of all, NMR experiments [167] can give detailed insights into the state of several elements from 1086 

interest during cement hydration and give information about phases dissolved and formed. This, in 1087 

turn, is very often mandatory for answering specific questions concerning cement hydration. Due to 1088 

the high equipment cost and measurement time, the method acquires much more effort. However, 1H-1089 

TD-NMR [168] is becoming more important in cement hydration studies. It can give information on 1090 

the state of the hydrogen in the sample and consequently can give detailed indications about hydrate 1091 

phases formed. Due to the comparably low equipment costs and the availability of powerful PCs, the 1092 

evaluation of real in-situ measurements applying 1H-TD-NMR with a time resolution within the 1093 

minute range can be evaluated [169]. This additional information can help identify different water 1094 

contents of the hydrate phases formed and provide guidance about other amorphous phases formed. 1095 

An example is the existence of the phase CAH10 during hydration of CSA-type cements, 1096 

which was proven to be formed but is not always from crystalline nature [170]. In this case, additional 1097 

methods like thermodynamic modeling, scanning transmission electron microscopy images [171], or 1098 

1H-TD-NMR [72] can give information about the phase formed and prove its existence. The same can 1099 

be seen in ternary CSA-PC-anhydrite with the addition of Li2CO3, in which an amorphous Si-1100 

containing phase is formed but cannot be detected by in-situ XRD. In this case, NMR experiments are 1101 

limited due to the high iron content, but pore solution analysis and the calculation of saturation indices 1102 

can help to identify at least possible phases formed such as C2ASH8 or zeolite [74].  1103 

One of the major goals of cement hydration studies is certainly to predict reactions in terms 1104 

of products but also in the case of kinetics, which means how a reaction will proceed. The prediction 1105 

of thermodynamic stable hydrate phase assemblage has been used now for a long time [172–174]. 1106 

However, concerning in-situ XRD, it is also of high interest why specific hydrate phases are formed 1107 

and why the phases are also dissolved over hydration time, as seen in Figure 22. The key to 1108 

understanding such reactions lies in the solubility of the phases formed in the system examined. As an 1109 

example, the system Ca-Al-C will be discussed here. Figure 22a shows the solubility curves of the 1110 

phases which can be formed in the system. In order to get an idea about the reaction kinetics, it is 1111 

mandatory to know the initial pore solution and the thermodynamic equilibrium, as indicated in Figure 1112 

22a. Several phases such as monocarbonate (MC), hemicarbonate (HC), C2AH8 and AH are 1113 

oversaturated at the start of the reaction. During hydration, the system evolves towards the 1114 

thermodynamic equilibrium, which is in the system examined a phase assemblage of MC and AH. 1115 

Consequently, the initial phases formed such as CAH10 and C2AH8 have to be dissolved again. In-situ 1116 

XRD exactly proves the thermodynamic considerations (Figure 22b). After a certain induction period 1117 

where the stable nucleation occurs, the initially oversaturated phases MC, AH, CAH10 and C2AH8 are 1118 

formed. During the evolution of the system towards the thermodynamic equilibrium, the initially 1119 

formed phases are subsequently dissolved again as soon as the solubility curve is crossed again 1120 

towards undersaturation. Similar work without applying in-situ XRD can be found in the literature 1121 

[172,173].  1122 

 1123 
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 1124 

Figure 22. Solubility curves (a) and XRD QPA (b) of a Ca-Al-C system (C = 0.1 mmol/l). Data from 1125 

[175]. 1126 

 1127 

Furthermore, in-situ XRD can help understand other important key parameters for 1128 

cementitious materials such as rheology. Jakob et al. [49] coupled in-situ XRD and rheological 1129 

measurements to correlate the ettringite formation with the rheological changes in PC pastes. The 1130 

authors associated the increase in the measured torque within the first two hours of hydration with the 1131 

increase in its solid fraction (due to the water consumption by ettringite formation), relating it with the 1132 

well-known Krieger-Dougerthy model [176]. Pott et al. [65] used rheological tests and SEM coupled 1133 

with in-situ XRD and isothermal calorimetry to investigate incompatibilities between PC and 1134 

polycarboxylate-ether superplasticizer. The authors demonstrated that incorporating superplasticizer 1135 

in a high dosage prevented the passivation of the aluminate phases of cement, inducing the quick 1136 

formation of ettringite and hemicarbonate and resulting in severe workability loss. Andrade Neto et 1137 

al. [31] used in-situ XRD, calorimetry, TGA, SEM, and rotational rheometry to explain the effect of 1138 

incorporating either gypsum or hemihydrate in C3A pastes. The authors observed that gypsum was 1139 

detected up to 8-36 hours of hydration (depending on the C3A polymorph), while hemihydrate was 1140 

not detected from the first measurement (at 30 minutes of hydration) since it was quickly hydrated, 1141 

precipitating large gypsum crystals (confirmed by SEM). This hydration consumed a significant 1142 

amount of water, drastically impairing the workability of the pastes to the point that it was not possible 1143 

to carry out rheological tests 10 minutes after mixing. 1144 

6. Summary and conclusion 1145 

In-situ laboratory XRD has proven to be a powerful tool for assessing the hydration of 1146 

cementitious materials. It allows to qualitatively distinguish phases that are often overlapped in other 1147 

techniques (e.g., in TGA), in addition to providing a quantitative analysis with reasonable precision 1148 

(in general, 1-2 wt%). Besides, the absence of hydration stoppage allows several measurements over 1149 

time and avoids phase degradation. However, some care must be taken during testing and analyses. 1150 
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 Adopting a proper experimental setup is essential to collect data within a short period (around 1151 

10-15 minutes) while keeping adequate statistics; maximum intensity counts above the background of 1152 

around 3000-5000 are desired. The sample holder should be chosen considering the sample fluidity 1153 

and the risk of segregation. The simultaneous presence of different amorphous contributions in the 1154 

XRD patterns (e.g., Kapton foil, free water, C-(A)-S-H, SCMs) requires the creation and calibration 1155 

of independent models. The use of an adequate data analysis routine improves the consistency of the 1156 

time-resolved studies and reduces the variability between operators, besides avoiding unrealistic 1157 

results. The global and phase parameters that must be considered in the data analysis were discussed.  1158 

One must be aware of the limitations of this technique, such as its precision and detection 1159 

limit, sample preparation, preferred orientation, water evaporation, and segregation issues. 1160 

Independent techniques are highly recommended to support the in-situ XRD data, e.g., isothermal 1161 

calorimetry, TGA, powder XRD, and NMR. Finally, a round robin test to assess the reproducibility of 1162 

laboratory in-situ XRD measurements (as already reported for powder XRD) is suggested. 1163 
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